CHAPTER 4
SLOW RATE PROCESS DESI GN

4.1 Introduction

The key elenents in the design of slowrate (SR) systens are
indicated in Figure 4-1. Inportant features are: (1) the
iterative nature of the procedure, and (2) the input
information that nust be obtained for detail ed design.

Determ ning the design hydraulic loading rate is the nost
i nportant step in process design because this paranmeter is
used to determne the land area required for the SR system
The design hydraulic loading rate is controlled by either
soil perneability or nitrogen limts for typical nunicipa
wastewater. Cop selection is usually the first design step
because preapplication treatnent, hydraulic and nitrogen
| oadi ng rates, and storage depend to sone extent on the crop.
Preapplication t r eat ment sel ection usual |y pr ecedes
determnation of hydraulic |oading rate because it can affect
the wastewater nitrogen concentration and, therefore, the
ni trogen | oadi ng.

4.2 Process Perfornmnce

The nmechanisnms responsible for treatnent and renoval of
wast ewat er constituents such as BOD, suspended solids (SS),
ni trogen, phosphorus, trace elenents, mcroorganisns, and
trace organics are discussed briefly. Level s of renoval
achieved at various SR sites are included to show how
renovals are affected by loading rates, crop, and soil
characteristics. Chapter 9 contains discussion on the health
and environnental effects of these constituents.

4.2.1 BOD and Suspended Sol i ds Renoval

BCD and SS are renoved by filtration and bacterial action as
t he applied wastewater percolates through the soil. BOD and
SS are normal Iy reduced to concentrations of less than 2 ng/L
and less than 1 ng/L, respectively, following 1.5 m (5 ft) of
percol ati on. Typical loading rates of BOD and SS for
muni ci pal wastewat er SR systens, regardless of the degree of
preapplication treatnment, are far below the | oading rates at
whi ch performance is affected (see Section 2.2.1.1). Thus

|l oading rates for BOD and SS are normally not a concern
in the design of SR systenms. Renovals of BOD achieved
at five selected sites are presented in Table 4-1.
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TABLE 4-1
BOD REMOVAL DATA
FOR SELECTED SR SYSTEMS [ 1- 5]

Annual BOD
waste- :
water Concentration Concentration )
loading in applied in treated Sampling
rate, Surface wastewater, water, Removal, depth,
Location cm/yr soil mg/L mg/L % m
Dickinson,. 140 Sandy loams 42 <l >98 <5
North Dakota and loamy
sands
Hanover,
New Hampshire 130-780 Sandy loam 40-92 0.9-1.7 96-98 1.5
and silt
loam
Muskegon, 130-260 Sands and 24 1.3 94 4
Michigan loamy sands
Roswell, 80 Silty clay 42 <1 >98 <30
New Mexico loams
San Angelo, 290 Clay and 89 0.7 99 2.1
Texas clay loam

Note: See Appendix G for metric conversions.

4.2.2 Ni t rogen

For SR systens |ocated above potable aquifers, nitrogen
concentration in percolate nust be |ow enough that ground
water quality at the project boundary can neet drinking water
nitrate standards. N trogen renoval mechanisns at SR systens
i nclude crop uptake, nitrification-denitrification, ammonia
vol atilization, and storage in the soil. Percolate nitrogen
concentrations less than 10 ng/L can be achieved wth SR
systens if the nitrogen |loading rate is nmaintained within the
conbi ned renoval rates of these nmechani sns. The nitrogen
removal rates and |loading rate are, therefore, inportant
desi gn paraneters. Percol ate nitrogen |evels achieved at
selected SR sites are given in Table 4-2.

Crop wuptake is normally the primary nitrogen renova

mechani sm operating in SR systens. The anount of nitrogen
renoved by crop harvest depends on the nitrogen content of
the crop and the crop yield. Annual nitrogen uptake rates
for specific crops are given in Section 4.3.2.1. Maxi mum
nitrogen renoval can be achieved by selecting crops or crop
conbi nations wth the highest nitrogen uptake potential.
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TABLE 4-2
NI TROGEN REMOVAL DATA FOR SELECTED
SR SYSTEMS [1, 3-8]

Total nitrogen

Total nitrogen concentration Total nitrogen
concentration in percolate concentration
in applied or affected Sampling in background
wastewater, ground water, Removal, depth, ground water,
Location mg/L as N mg/L as N 3 m mg/L as N
Dickinson, 11.8 3.9 67 11 1.9
North Dakota
Hanover, 27-28 7.3 72 1.5 -
New Hampshire
Helen, 18.0 3.5 80 1.2 0.17
Georgia?
Roswell, 66.2 10.7 84 30 2.2
New Mexico
San Angelo, 35.4 6.1 83 10 -
Texas
a. Forest system. All others are agricultural systems.

Nitrogen 1loss by denitrification depends on severa
environnmental factors including the oxygen level in the soil.
Assum ng that nost of the applied nitrogen is in the organic
or ammonium form increased nitrogen renoval due to
denitrification can be expected wunder the follow ng
condi tions:

I Hi gh levels of organic matter in the soil and/or
wast ewat er, such as the concentrations found in
primary effl uent

Hi gh soil cation exchange capacity--a character-
istic of fine-textured and organi c soils.

Neutral to slightly al kaline soil pH

Alternating saturated and unsaturated soil
nmoi sture condi tions

1 VWAr m t enper at ur es

Denitrification |osses typically are in the range of 15 to
25% of the applied nitrogen, although neasured | osses have
ranged from3 to 70%[4, 9]. The range of 15 to 25% shoul d
be used for conservative design. Wen conditions are
favorabl e, the maxi numrate nmay be used. Lower val ues should
be used when conditions are | ess favorable.

Ammoni a vol atilization | osses can be significant (about 10%
if the soil pHis above 7.8 and the cation exchange capacity
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is low (sandy, low organic soils). For design,
volatilization |l osses nay be considered included in the 15 to
25% used for denitrification

Storage of nitrogen in the soil through plant uptake and
subsequent conversion of roots and unharvested residues into
soil hurmus can account for nitrogen retention rates up to 225
kg/ haeyr (200 I b/acreeyr) in soils of arid regions initially
lowin organic matter (less than 29 . In contrast, nitrogen
storage will be near zero for soils rich in organic matter.
In either case, if nitrogen input remains constant, the rate
of nitrogen storage will decrease with tinme because the rate
of decay and release of nitrogen increases wth the
concentration of soil organic nitrogen. Eventual ly, an
equilibriumlevel of organic nitrogen nmay be obtai ned and net
storage then ceases. Therefore, for design purposes, the
nost conservative approach is to assune net storage wll be
zero.

4.2.3 Phosphor us

Phosphorus is renoved primarily by adsorption and pre-
cipitation (together referred to as sorption) reactions in
the soil. Crop uptake can account for phosphorus renovals in
the range of 20 to 60 kg/ha-yr (18 to 53 I|b/acre yr)
depending on the crop and yield (Section 4.3.2.1). Percolate
phosphorus concentrations at several SR sites are presented
in Table 4-=3.

The phosphorus sorption capacity of a soil profile depends on
the amobunts of clay, alum num iron, and cal ci um conpounds
present and the soil pH In general, fine textured m neral
soils have the highest phosphorus sorption capacities and
coarse textured acidic or organic soils have the | owest.

For systenms with coarse textured soils and limts on the

concentration of percol ate phosphorus, a phosphorus
adsorption test should be conducted using soil from the
sel ected site. This test, described in Section 3.7.2,
determ nes the amount of phosphorus that the soil can renove
during short application periods. Act ual phosphor us
retention at an operating system will be at least 2 to 5

times the value obtained during a 5 day adsorption

test [13].
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For purposes of design and operation, the soil profile can be
considered to have a finite phosphorus sorption capacity
associated with each |ayer. Eventually, the sorption
capacity of the entire soil profile may reach saturation and
sol ubl e phosphorus will appear in the percolate. |In cases
where effluent quality requirements limt the concentration
of phosphorus in the percolate, the useful life of the SR
systemmay be limted by the phosphorus sorption capacity of
the soil profile. An enpirical nodel to predict the usefu

life of an SR system has been devel oped [9].

4.2.4 Trace El enents

Trace elenment renoval in the soil is a conplex process
i nvol ving the nechani sns of adsorption, precipitation, ion
exchange, and conpl exati on. Because adsorption of nost trace
el ements occurs on the surfaces of clay mnerals, netal
oxi des, and organic matter, fine textured and organic soils
have a greater adsorption capacity for trace elenents than
sandy soils.

Rermoval of trace elenents fromsolution is nearly conplete in
soils suitable for SR systens. Consequently, trace el enent
renmoval is not a concern in the design procedure.
Performance data from sel ected SR systens are presented in
Tabl e 4-4.

Al t hough sonme trace elenents can be toxic to plants and
consuners of plants, no universally accepted toxic threshold
values for trace elenment concentrations in the soil or for
mass additions to the soil have been established. Maximum
| oadi ngs over the life of a systemfor several trace el enents
have been suggested for soils having low trace elenent
retention capacities and are presented in Table 4-5.

Toxicity hazards can be mnimzed by maintaining the soil pH
above 6.5. Mst trace elenents are retained as unavail abl e
i nsol ubl e conpounds above pH 6.5. Methods for adjusting soi
pH are discussed in Section 4.9.1. 3.

4.2.5 M cr oor gani sns

Renoval of m croorgani sns, including bacteria, viruses, and
parasitic protozoa and hel mnths (wornms), is acconplished by
filtration, adsorption, desiccation, radiation, predation,
and exposure to other adverse conditions. Because of their
| arge size, protozoa and helmnths are renoved primarily by
filtration at the soil surface. Bacteria also are renoved by
filtration at the soil surface, although adsorption may be
i nportant. Viruses are renoved alnost entirely by
adsor pti on.
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TABLE 4-5
SUGGESTED MAXI MUM APPLI CATI ONS OF
TRACE ELEMENTS TO SO LS W THOUT
FURTHER | NVESTI GATI O\

Mass application Typical b
Element to soil, kg/ha concentration, mg/L
Aluminum 4,570 10
Arsenic 92 0.2
Berylium 92 0.2
Boron 680 1.4€
Cadmium 9 a.02
Chromium 92 0.2
Cobalt 46 0.1
Copper 184 0.4
Fluoride 920 1.8
Iron 4,570 10
Lead 4,570 10
Lithium -- 2.54
Manganese 184 0.4
Molybdenum 9 0.02
Nickel 184 0.4
Selenium 18 0.04
Zinc 1,840 4

a. Values were based on the tolerances of
sensitive crops, mostly fruits and vegetables,
grown on soils with low capacities for
retaining elements in unavailable forms
[15, 16]).

b. Based on reaching maximum mass application in
20 years at an annual application rate of
2.4 m/yr (8 ft/yr).

c. Boron exhibits toxicity to sensitive plants at
values of 0.75 to 1.0 mg/L.

d. Lithium toxicity limit is suggested at 2.5 mg/L
concentration for all crops, except citrus which
uses a 0.075 mg/L limit. Soil retention is
extremely limited.

As noted in Table 1-3, fecal colifornms are normally absent
after wastewater percolates through 1.5 m (5 ft) of soil.
Coliformrenoval s at several operating SR systens are shown
in Table 4-6. Coliform renoval in the soil profile is
approximately the same when primary or secondary
preapplication treatnment is provided [4]. Virus renovals are
not as well docunmented. State agencies nmay require secondary
treatnent if edible crops are grown or if public contact is
unlimted. M croorgani sm__renoval IS not a limting
factor in the SR design procedure.
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TABLE 4-6
COLI FORM DATA FOR SEVERAL
SR SYSTEMS [ 1, 4, 5, 8, 12]

Concentration Concentration Distance Concentration
in applied in percolate of in background
Preapplication wastewater, or ground water, travel, ground water,
Location treatment Coliforms MPN/100 mL MPN/100 mL m MPN/100 mL
Camarillo, Activated Total 57 x 107 7 0.5 4
California sludge and 29 1.0 27
disinfection
Fecal 220 <2 0.5 <2
<2 1.0 4
Dickinscn, Aerated ponds Total TNTC: 12 30-150 1
North Dakota and disin- Fecal TNTC 0 30-150 0
fection
Hancver, Primary Fecal 1.2 x 10%- a-1 1.5 -
New Hampshire 3.1 x 10°
Mesa, Trickling Total 3.09 x 106 <2 0.5 20
Arizona filters 9 1.0 60
Fecal 1.05 x 10° <2 0.5 <2
9 1.0 25
Roswell, Trickling Total NTCc? T~NTC? <6 -
New Mexico filters and Fecal TNTCA 52 <6 -
disinfection

a. At least one sample too numerous to count.

4.2.6 Trace Organics

Trace organics are renoved by several nechani sns, including
sorption, degradation, and volatilization. One study at
Muskegon, M chigan, evaluated the effectiveness of trace
organics renoval during preapplication treatnent (aerated
ponds) and SR treatnent. Al though 59 organic pollutants were
identified in the raw wastewater, renovated water from
drainage tiles underlying the irrigation site contained only
| ow | evel s of 10 organi c conpounds, including two from non-
wast ewat er sources. Benzene, chloroform and trichloro-
ethyl ene were nonitored for several days; results are shown
in Table 4-7.

Results from pilot SR studies at Hanover, New Hanpshire
indicate that significant levels of volatile trace organics
are renmoved during sprinkler application [4]. Measurenents
of chloroform toluene, nethylene chloride, 1,1 dichloro-
et hane, bronodi chl oronet hane, and tetrachl oroet hyl ene showed
that an average of 65% of these six conpounds were
vol atilized during the sprinkling process, wth individual
removal s ranging from57% for toluene to 70% for nethyl ene
chl ori de.
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TABLE 4-7
BENZENE, CHLOROFORM AND TRI CHLOROETHYLENE
I N MUSKEGON WASTEWATER TREATMENT SYSTEM [ 17]

Concentration, ng/L®

Sampling
Pollutant pointb 8/10/76 8/11/76 B/12/76 9/7/76 9/8/76
Benzene 1 6 53 6 41 32
2 7 2 <1 8 5
3 <1 <1 <1 3 2
4 <1 <1 <1 <1 8
Chloroform 1 425 440 480 360 2,645
2 105 61 81 365 610
3 12 9 4 100 75
4 3 3 1 13 10
Trichloroethylene 1 13 6 10 110 120
2 16 3 5 35 33
k| 7 4 1 11 6
4 6 3 2 10 8

a. Average for duplicate samples.

b. Sampling Point 1 - influent
Sampling Point 2 - aerated lagoon effluent
Sampling Point 3 -~ storage lagoon effluent
Sampling Point 4 - renovated water from drainage tiles

Based on these results, it appears that a typical SR system
is quite effective in renoving trace organics. However, if
a community*s wastewater contains |arge concentrations of
trace organics from industrial contributions, industrial
pretreatnent should be considered. |f hazardous chlorinated
trace organics result from wastewater chlorination, the
engi neer nust decide in consultation wth regulatory
authorities whether it is nore inportant to renove pathogens
or to reduce trace organic levels. This decision should take
into consideration the type of crop and the nethod of
di stribution.

4.3 Crop Selection

The crop is a critical conponent in the SR process. |t
renoves nutrients, reduces erosion, maintains or increases
infiltration rates, and can produce revenue where narkets
exi st.

4.3.1 CQuidelines for Crop Sel ection

| mportant characteristics or properties of crops that shoul d
be consi dered when selecting a crop for SR systens include:
(1) nutrient uptake capacity, (2) tolerance to high soi

moi sture conditions, (3) consunptive use of water and
irrigation requirements, and (4) revenue potential. A
relative conparison of these characteristics for several
types of crops is presented in Table 4-8 as a general guide
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to selection. Characteristics of secondary inportance
include (1) effect on soil infiltration rate, (2) crop water
quality requirenments and toxicity concerns, and (3)
managenent requirenents.

Most SR systens are designed to mnimze |and area by using
maxi mum hydraulic | oading rates. Crops that are conpatible
with high hydraulic loading rates are those having high
ni trogen uptake capacity, high consunptive water use, and
hi gh tolerance to noist soil conditions. O her desirable
crop characteristics for this situation are | ow sensitivity
to wastewater constituents, and mninmum nmanagenent
requi renents. Crops grown for revenue nust have a ready
| ocal market and be conpatible with wastewater treatnent
obj ecti ves.

4.3.1.1 Agricultural Crops

Agricultural crops nost conpatible with the objective of
maxi mum hydraulic |loading are the forage and turf grasses.
Forage crops that have been used successfully include: Reed
canarygrass, tall fescue, perennial ryegrass, Italian
ryegrass, orchardgrass, and bernudagrass. I f forage
utilization and value are not a consideration, Reed
canarygrass is often a first choice inits area of adaptation
because of high nitrogen uptake rate, w nter hardi ness, and
persi stence. However, Reed canarygrass is slow to establish
and should be planted initially with a conpanion grass
(ryegrass, orchardgrass, or tall fescue) to provide good
initial cover.

Of the perennial grasses grown for forage utilization and
revenue under high wastewater |oading rates, orchardgrass is
generally considered to be nore acceptable as animl feed
than tall fescue or Reed canarygrass. However, orchardgrass
is prone to | eaf diseases in the southern and eastern states.
Tall fescue is generally preferred as a feed over Reed
canarygrass but is not suitable for use in the northern tier
of states due to lack of w nter—hardiness. Agai n, ot her
crops may be nore suitable for local conditions and advi ce of
| ocal farm advisers or extension specialists will be hel pful
in maki ng the crop sel ection.

Corn will grow satisfactorily where the water table depth is
about 1.5to 2 m (5to 7 ft) but alfalfa requires naturally
wel | -drai ned soils and water table depths of at least 3 m (10
ft) for persistence. The alfalfa cultivar selected should be
high yielding wth resistance to root rot and bacterial wlt
in the grow ng region, especially when high hydraulic |oading
rates (>7.5 cmiwk or 3 in./wk) are used.
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TABLE 4-8
RELATI VE COVPARI SON OF CROCP
CHARACTERI STI CS [ Adapted from 18]

Pot enti al Pot enti al Pot enti al
as revenue as water as nitrogen Mbi sture
producer? user® user® t ol erance®
Field crops
Bar| ey Mar g Mbd Mar g Low
Corn, grain Exc Mbd Good Mbd
Corn, silage Exc Mbd Exc Mbd
Cotton (lint) Good Mbd Mar g Low
Grain, sorghum Good Low Mar g Mbd
Cat s Mar g Mbd Poor Low
Ri ce Exc Hi gh Poor Hi gh
Saf f | ower Exc Mod Exc Mod
Soybeans Good Mbd Good- exc® Mbd
Wheat Good Mod Good Low
Forage crops
Kent ucky bl uegrass Good Hi gh Exc Mbd
Reed canarygrass Poor Hi gh Exc Hi gh
Alfalfa Exc Hi gh Good- exc® Low
Br onegr ass Poor Hi gh Good Hi gh
Cl over Exc Hi gh Good- exc® Mbd- hi gh
Or char dgr ass Good Hi gh Good- exc® Mbd
Sor ghum—sudan Good Hi gh Exc Mbd
Ti not hy Mar g Hi gh Good Hi gh
Vet ch Mar g Hi gh Exc Hi gh
Tall fescue Good Hi gh Good- exc Hi gh
Turf crops
Bent gr ass Exc Hi gh Exc Hi gh
Ber nudagr ass Good Hi gh Exc Hi gh
Forest crops
Har dwoods Exc Hi gh Good- excf Hi gh?
Pi ne Exc Hi gh Good' Mod- | ow?
Dougl as-fir Exc Hi gh Good' Mod
a. Potential as revenue producers is a judgnental estimate based on

nati onwi de demand. Local market differences may be substanti al
enough to change a margi nal revenue producer to a good or

excel | ent revenue producer and vice versa. Sonme of the forages
are extrenely difficult to market due to their coarse nature
and poor feed val ues.

Water user definitions expressed as a fraction of alfalfa
consunpti ve- use.

Hi gh 0.8-1.0
Mbder at e ( Mod) 0.6-0.79
Low -<0.6
Ni trogen user ratings (kg/ha)
Excel | ent (Exc) >200
Good 150- 200
Mar gi nal (Marg) 100- 150
Poor <100
Mbi sture tol erance ratings:
Hi gh - withstands prolonged soil saturation >3 days.
Mbderate - w thstands soil saturation 2-3 days.
Low - withstands no soil saturation.

Legumes will al so take nitrogen from the atnosphere.
Hi gher nitrogen uptake during juvenile growmh stage after crowning.
Speci es dependent, check with the State Extension Forester.
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A mxture of alfalfa and a persistent forage grass, such as
or chardgrass, can be used on soils that are not naturally
wel | drained. At high hydraulic loading rates, the alfalfa
may not persist over 2 years, but the forage grass will fill
in the areas in the thinned alfal fa stand.

The nost comon agricultural crops grown for revenue using
wastewater are corn (silage), alfalfa (silage, hay, or
pasture), forage grass (silage, hay, or pasture), grain
sorghum cotton, and grains [18]. However, any crop,
i ncluding food crops, nmay be grown with recl ai ned wast ewat er
after suitable preapplication treatnent.

In areas with a long growing season, such as California

selection of a double crop is an excellent neans of
increasing the revenue potential as well as the annual

consunpti ve water use and nitrogen uptake of the crop system
Doubl e crop conbinations that are comonly used include (1)
short season varieties of soybeans, silage corn, or sorghum
as a summer crop; and (2) barley, oats, wheat, vetch, or
annual forage grass as a winter crop.

A growi ng practice in the East and Mdwest is to provide a
conti nuous vegetative cover with grass and corn. This “no-
till” corn managenent consists of planting grass in the fall
and then applying a herbicide in the spring before planting
the corn. Wen the corn conpletes its growh cycle, grass is
reseeded. Thus, cultivation is reduced; water use is
maxi m zed; nutrient uptake is enhanced; and revenue potenti al
IS increased.

4.3.1.2 Forest Crops

The nobst common forest crops used in SR systens have been
m xed hardwoods and pines. A summary of representative
operational systenms and types of forest crops used is
presented in Table 4-9.

The grow h responses of a nunber of tree species to a range
of wastewater |oadings are identified in Table 4-10. The
hi gh growm h response colum is nost suitable for wastewater
appl i cation because of nitrogen uptake and productivity. The

growh response wll vary in accordance with a nunber of
factors; one of the nost inportant is the adaptability of the
sel ected species to the local clinmate. Local foresters

should be consulted for specific judgnents on the likely
response of sel ected species.
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TABLE 4-9
SUMVARY OF OPERATI ONAL FOREST LAND TREATMENT
SYSTEMS | N THE UNI TED STATES RECEI VI NG
MUNI CI PAL WASTEWATER

Hydraulic
Flow, Date loading,

Location m3/d Forest type started cm/wk Other conditions
Clayton County, 73,800 Loblolly pine 1981 6.3 Ground water to be
Georgia plantation and recycled as drinking

natural hardwood water
Helen, Georgia 76 Mixed hardwood 1973 7.6 -
and pilne
Kings Bay 1,250 Slash pine 1981 1.3 Site drainage with
Submarine Support plantation open ditches
Base, St. Marys,
Georgia
Mackinaw City, 760 Aspen, white 1976 11.3 Frost free, seasonal
Michigan pine birch application
Mt. Sunapee State 26 Mixed hardwood 1971 5.0 Water stored and
Park, Newbury, applied in June and
New Hampshire July only
State College, 11,350 Mixed hardwood; 1963 2.0~ Ground water to be
Pennsylvania red pine plantation: 7.5 recycled as drinking
(Penn State spruce, old field water
University)
West Dover, 2,080 Northern hardwoods; 1976 26.3 Operates at air
Vermont balsam, hemlock, temperatures above
spruce in understory -18 °C

TABLE 4-10
HEI GHT GROWMH RESPONSE COF SELECTED
TREE SPECI ES [ Adapted from 19]

Height growth response class

Low Intermediate High

Slash pine Tulip poplar Cottonwood

Cherry-laurel Bald cypress Sycamore

Arizona cypress Saw-tooth ocak Green ash

Live oak Red cedar Black cherry

Holly Laurel oak Sweetgum

Hawthorne Magnolia Black locust

Northern white cedar Nuttall oak Red bud

Red pine Cherry bark oak Catalpa
Loblolly pine Chinese elm
Shortleaf pine wWhite pine

Virginia pine
Douglas-fir

4.3.2 Crop Characteristics

Ref erence data and infornmation on the crop characteristics
of (1) nutrient uptake, water quality requirenents, and
toxicity concerns; (2) water tolerance; (3) consunptive
wat er use; and (4) effect on soil hydraulic properties are
presented in this section for both agricultural crops and
forest crops.
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4.3.2.1 Nut ri ent Upt ake

Adgricul tural Crops

In general, the largest nutrient renovals can be achieved
wi th perennial grasses and | egunes that are cut frequently at
early stages of growmh. It should be recognized that |egunes
can fix nitrogen fromthe air, but they are active scavengers
for nitrate if it is present. The potential for harvesting
nutrients with annual crops is generally less than wth
perenni al s because annuals use only part of the available
grow ng season for grow h and active uptake. Typical annual
uptake rates of the mjor plant nutrients--nitrogen,
phosphorus, and potassium-are listed in Table 4-31 for
several commonly sel ected crops.

The nutrient renoval capacity of a crop is not a fixed
characteristic but depends on the crop yield and the nutrient
content of the plant at the time of harvest. Desi gn
estimates of harvest renovals shoul d be based on yield goals
and nutrient conpositions that |ocal experience indicates can
be achieved with good managenent on simlar soils.

TABLE 4- 11
NUTRI ENT UPTAKE RATES FOR
SELECTED CROPS
kg/ haeyr

Nitrogen Phosphorus Potassium

Forage crops

Alfalfad 225-540 22-35 175-225
Bromegrass 130-225 40-55 245
Coastal bermudagrass 400-675 35-45 225
Kentucky bluegrass 200-270 45 200
Quackgrass 235-280 30-45 275
Reed canarygrass 335-450 40-45 315
Ryegrass 200-280 60-85 270-325
Sweet clover?d 175 20 100
Tall fescue 150-1325 30 300
Orchardgrass 250-350 20-50 225-315

Field crops

Barley 125 15 20
Corn 175-200 20-30 110
Cotton 75-110 15 40
Grain sorghum 135 15 70
Potatoes 230 20 245-325
Soybeans?@ 250 10-20 30-55
Wheat 160 15 20-45

a. Legumes will also take nitrogen from the atmosphere.
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The rate of nitrogen uptake by crops changes during the
growi ng season and is a function of the rate of dry matter
accunulation and the nitrogen content of the plant.
Consequently, the pattern of nitrogen uptake is subject to
many environnmental and nmanagenent variables and is crop
specific. Exanples of nmeasured nitrogen uptake rates versus
time are shown in Figure 4-2 for annual crops and perenni al
forage grasses receiving wastewater.

The anounts of phosphorus in applied wastewaters are usually
much hi gher than plant requirenents. Fortunately, nost soils
have a high sorption capacity for phosphorus and very little
of the excess passes through the soil (see Section 4.2.3).

Potassium is used in large anounts by nmany crops. but
t ypi cal wastewater is relatively deficient in_this
elenent. In nost cases, fertilizer potassium nmay be needed
to provide for optimal plant growth, depending on the soi

and crop grown (see Section 4.9.1.2). Oher macronutrients
taken up by crops include magnesium cal cium and sulfur;
deficiencies of these nutrients are possible in sone areas.
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NITROGEN UPTAKE VERSUS GROWING DAYS
FOR ANNUAL AND PERENNIAL CROPS [20,21]
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The mcronutrients inportant to plant growh (in descending
order) are: iron, manganese, zinc, boron, copper, nolybdenum
and, occasionally, sodium silicon, chloride, and cobalt.
Most wastewat ers contain an anple supply of these el enents;
in some cases, phytotoxicity may be a consideration.

Forest Crops

Veget ati ve uptake and storage of nutrients depend on the
species and forest stand density, structure, age, |ength of
season, and tenperature. In addition to the trees, there is
al so nutrient uptake and storage by the understory tree and
her baceous vegetation. The role of the understory vegetation
is particularly inportant in the early stages of tree
est abl i shment .

Forests take up and store nutrients and return a portion of
those nutrients back to the soil in the formof leaf fall and
ot her debris such as dead trees. Upon deconposition, the
nutrients are released and the trees take them back up.
During the initial stages of growh (1 to 2 years), tree
seedlings are establishing a root system bionmass production
and nutrient uptake are relatively slow To prevent |eaching
of nitrogen to ground water during this period, nitrogen
| oading nust be limted or understory vegetation nust be
established that will take up and store applied nitrogen that
is in excess of the tree crop needs. Managenent of
understory vegetation is discussed in Section 4.9.

Following the initial gromh stage, the rates of growh and
nutrient uptake increase and remain relatively constant until
maturity is approached and the rates decrease. Wen growh
rates and nutrient uptake rates begin to decrease, the stand
should be harvested or the nutrient |oading decreased.
Maturity may be reached at 20 to 25 years for southern pines,
50 to 60 years for hardwoods, and 60 to 80 years for sone of
the western conifers such as Douglasfir. O course,
harvesting may be practiced well in advance of maturity as
with short-termrotation managenent (see Section 4.9.2.5).

Estimates of the net annual nitrogen storage for a nunber of
fully stocked forest ecosystens are presented in Table 4-12.
These estimates are maxi mum rates of net nitrogen uptake
considering both the understory and overstory vegetation
during the period of active tree grow h.
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TABLE 4-12
ESTI MATED NET ANNUAL NI TROGEN UPTAKE I N THE
OVERSTORY AND UNDERSTORY VEGETATI ON OF FULLY
STOCKED AND VI GOROUSLY GROW NG FOREST
ECOSYSTEMS | N SELECTED REG ONS OF THE UNI TED STATES [ 22]

Average annual

Tree nitregen uptake,
age, yr kg/ha-yr
Eastern forests
Mixed hardwoods 40-60 220
Red pine 25 110
0lad field with‘white 15 280
s?ruce plantation 5-15 280
Pioneer succession
Southern forests
Mixed hardwoods 40-60 340
Southern pine with 20 2202
no understory
Southern pine 20 320
with understory
Lake states forests
Mixed hardwoods 50 110
Hybrid poplarP 5 185
Western forests
Hybrid poplarP 4-5 300-400
Douglas~fir 15-25 150-250

Plantation

a. Principal southern pine included in these
estimates is loblolly pine.

b. Short-term rotation with harvesting at 4-5 yr;
represents first growth cycle from planted
seedlings (see Section 4.9.2.4).

Because nitrogen stored within the biomass of trees is not
uniformy distributed anong the tree conponents, the anount
of nitrogen that can actually be renoved with a forest crop
systemw || be substantially |less than the storage estinmates
given in Table 4-12 unl ess 100% of the aboveground bi omass is

harvested (whole—+tree harvesting). | f only t he
nerchantable stens are renoved fromthe system the net
amount of nitrogen renpved by the systemw |l be |ess than

30% of the anmpunt stored in the biomass. The distributions
of biomass and nitrogen for naturally grow ng hardwood and
coni fer (pines, Douglas-fir, fir, larch, etc.) stands in
tenperate regions are shown in Table 4-13. For deci duous
speci es, whol e-tree harvesting nust take place in the sumer
when the | eaves are on the trees if maxi num nitrogen renoval
is to be achieved.
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TABLE 4-13
Bl OVASS AND NI TROGEN DI STRI BUTI ONS BY TREE
COVPONENT FOR STANDS | N TEMPERATE REG ONS [ 23]
Per cent

Conifers Hardwoods

Tree component Biomass Nitrogen Biomass Nitrogen

Roots 10 17 12 18
Stems 80 50 65 32
Branches 8 12 22 42
Leaves 2 20 1 8

The assimlative capacity for both phosphorus and trace
metals is controlled nore by soil properties than plant
uptake. The relatively low pH (4.2 to 5.5) of nobst forest
soils is favorable to the retention of phosphorus but not
trace netals. However, the high level of organic matter in
forest soil inproves the netal renoval capacity. The anount
of phosphorus in trees is small, usually less than 30 kg/ ha
(27 I blacre); therefore, the amount of annual phosphorus
accurmul ation is quite small.

4.3.2.2 Mbi sture Tol erance

Crops that can be exposed to prol onged periods of high soi
noi sture without suffering danmage or yield reduction are said
to have a high nmpoisture or water tolerance. Thi s
characteristic is desirable in situations (1) where hydraulic
| oading rates nust be nmaximzed, (2) where the root zone
contains a slowy perneable soil, or (3) in humd areas where
sufficient noisture already exists for plant gromh. Refer
to Table 4-8 for a conparison of crop noisture tol erances.
Alfalfa and red pine, for exanple, have |ow noisture
t ol er ances.

4.3.2.3 Consunptive Water Use

Consunptive water use by pl ant s IS also terned
evapotranspiration (ET). Consunptive water use varies wth
t he physical characteristics and the growh stage of the
crop, the soil noisture level, and the local clinmate. I n
sone states, estimates of maxi mum nonthly consunptive water
use for many crops can be obtained from | ocal agricultural
extension offices or research stations or the SCS. Wher e
this information is not available, it will be necessary to
make estimates of evapotranspiration using tenperature and
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other climatic data. Several nmethods of estimating
evapotranspiration are available and are detailed in
publications by the Anerican Society of G vil Engineers
(ASCE) [24], the Food and Agriculture Organization (FAO of
the United Nations [25], and the SCS [ 26].

Adgricul tural Crops

In hum d regions estimates of potential evapotranspiration

(PET) are wusually sufficient for perennial, full-cover
Crops. Exanples of estimated PET for humd and subhumd
climates are shown in Table 4-14. Exanpl es of nonthly

consunptive use in arid regions are shown in Table 4-15 for
several California crops. These table values are specific
for the location given and are intended to illustrate
variation in ET due to crop and climate. The designer shoul d
obtain or estimate ET values that are specific to the site
under design

TABLE 4-14
EXAMPLES OF ESTI MATED MONTHLY POTENTI AL
EVAPOTRANSPI RATI ON FOR HUM D AND SUBHUM D CLI MATES

cm

paris, Central Brevard, Jonesboro, Hanover, Seabrook,
Month Texas Missouri North Carolina Georgia New Hampshire New Jersey
Jan 1.5 0.7 0.2 1.3 0.0 0.2
Feb 1.5 1.3 0.3 1.3 0.0 0.3
Mar 3.6 3.0 2.1 3.0 0.1 2.0
Apr 6.8 6.6 4.6 5.8 2.9 4.0
May 9.9 10.8 7.6 10.9 8.2 7.4
Jun 14.7 14.5 10.2 14.7 12.9 11.4
Jul 16.0 16.9 11.4 15.7 13.7 13.9
Aug 16.2 15.2 10.4 15.0 11.9 13.6
Sep 9.7 10.3 7.4 10.9 7.4 9.9
Oct 6.4 6.3 4.6 5.8 4.0 4.9
Nov 2.7 2.6 1.6 2.5 0.3 2.1
Dec 1.4 1.1 0.3 1.3 0.0 0.3
Annual 90.4 89.3 60.7 88.2 61.4 70.0

In arid or semarid regions, water in excess of consunptive
use nust be applied to (1) ensure proper soil noisture
conditions for seed germ nation, plant energence, and root
devel opnment; (2) flush salts from the root zone; and (3)
account for nonuniformty of water application by the
di stribution system (see Section 4.7). This requirenent is
the irrigation requirenent and exanples are shown in Table 4-
15. Local irrigation specialists should be consulted for
speci fic val ues.
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TABLE 4-15
CONSUMPTI VE WATER USE AND | RRI GATI ON REQUI REMENTS FOR
SELECTED CROPS AT SAN JOAQUI N VALLEY, CALIFORN A* [27, 28]
Depth of Water in cm

Double crop

Pastures or alfalfab barley and grain sorghum® Cotton 4 Sugar beets €

Consumptive Irriqation Consumptive Irrigation Consumptive Irrigation Consumptive Irrigation

Month use requirements use requirements use requirements use requirements
Jan 2.3 3.0 2.5 - - -- -~ --
Feb 5.1 6.9 5.1 -- - 38.1 - -
Mar 9.7 13.0 9.7 15.2 - - - 12.7
Apr 13.2 17.8 13.2 15.2 1.5 - 2.5 22.9
May 17.8 23.9 6.6 - 3.0 - 6.4 12.7
Jun 21.8 29.2 -— 25.49 9.1 12.7 12.7 22.9
Jul 23.9 32.0 11.4 17.8 18.3 30.5 17.8 19.1
RAug 22.1 29.7 20.3 30.1 21.3 30.5 20.3 11.4
Sep 14.7 19.8 15.2 22.9 15.2 - - -
Oct 10.9 14.7 7.6 —-— 6.4 - -- -
Nov 5.1 6.9 - - -- -- - 15.29
Dec 2.5 3.3 2.5 25.4 - -= i -
Total 149.1 200.2 94.1 152.0 74.8 111.8 59.7 116.9

a. Other crops having similar growing seasons and ground cover will have similar consumptive use.

b. Estimated maximum consumptive use {evapotranspiration) of water by mature crops with nearly complete ground
cover throughout the year.

c. Barley planted in November-December, harvested in June. Grain sorghum planted June 20-July 10, harvested
in November-December.

d. PRooting depth of mature cotton: 1.8 m. Planting dates: March 15 to April 20. Harvest: October, November,
and December.

e. Rooting depth: 1.5 to 1.8 m. Planting date: January. Harvest: July 15 to September 10.
f. Preirrigation should wet soil to 1.5 to 1.8 m depth prior to planting.

g, Preirrigation is used to ensure germination and emergence. First crop irrigations are heavy in order to
provide deep moisture.

Forest Crops

The consunptive water use of forest crops under high soi

nmoi sture conditions may exceed that of forage crops in the
sane area by as much as 30% For design purposes, however

the potential ET is used because there is little information
on water use of different forest species. The seasona
pattern of water use for conifers is nore uniformthan for
deci duous trees.

4.3.2.4 Ef fect on Soil Hydraulic Properties

In general, plants tend to increase both the infiltration
rate of the soil surface and the effective hydraulic
conductivity of the soil in the root zone as a result of root
penetration and addition of organic matter. The nmagnitude of
this effect varies anong different crops. Thus, the crop
sel ected can affect the design application rate of sprinkler
di stribution systens, which is based on the steady state
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infiltration rate of the soil surface. Steady state
infiltration rate is equivalent to the saturated perneability
of surface soil. Design sprinkler application rates can be
i ncreased by 50% over the perneability value for nost full-
cover crops and by 100% for mature (>4 years old), well-
managed pernmanent pastures (see Appendix E). The design
application rate (cmih or in./h) should not be confused with
hydraulic loading rate (cmiwk or cnino) which is based on the
perneability of the nost restrictive layer in the soil
profile. This layer, in many cases, is below the root zone
and is unaffected by the crop.

Forest surface soils are generally characterized by high
infiltration capacities and high porosities due to the
presence of high levels of organic matter. The infiltration
rates of nost forest surface soils exceed all but the nost
extrenme rai nfal l intensities. Ther ef or e, surface
infiltration rate is not wusually a |imting factor in
establishing the design application rate for sprinkler
distribution in forest systens.

In addition, the perneability of subsurface forest soil
hori zons is generally inproved over that found under other
vegetation systens because there is: (1) no tillage, (2)
m ni num conpaction fromvehicular traffic, (3) deconposition
of deep penetrating roots, and (4) a well-devel oped structure
due to the increased organic matter content and m crobi al
activity. \Where subfreezing tenperatures are encountered,
the forest floor serves to insulate the soil so that soi
freezing, if it does occur, occurs slowy and does not
penetrate deeply. Consequently, wastewater application can
often continue through the winter at forest systens.

4.3.2.5 Crop Water (Quality Requirenents and
Toxi city Concerns

Wast ewaters may have constituents that: (1) are harnful to
pl ants (phytotoxic), (2) reduce the quality of the crop for
mar keting, or (3) can be taken up by plants and result in a
toxic concern in the food chain. Thus, the effect of
wast ewat er constituents on the crop itself and the potenti al
for toxicity to plant consunmers nust be considered during the
crop selection process. Agricultural crops are of primary
concern.

A summary of commopn wastewater constituents that can
adversely affect certain crops either through a direct toxic
effect or through degradation of crop quality is given in
Table 4-16. A so indicated in the table are the constituent
concentrations at which problens occur. These effect are
di scussed in further detail in Chapter 9.
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TABLE 4-16
SUMVARY OF WASTEWATER CONSTI TUENTS
HAVI NG POTENTI AL ADVERSE EFFECTS

Constituent level
Problem and No Increasing Severe
related constituent problem problems problems Crops affected
Salinity (ECy), <0.75 0.75-3.0 >3.0 Crops in arid climates only
mmho/cm (see Table 9-4)

Specific ion toxicity
from root absorption
Boron, mg/L <0.5 0.5-2 2.0-10.0 Fruit and citrus trees -
0.5-1.0 mg/L; field crops -
1.0-2.0 mg/L; grasses -
2.0-10.0 mg/L
Sodium, adj-SAR3 <3 3.0-9.0 >9.0 Tree Crops

Chloride, mg/L <142 142-355 >355 Tree crops

Specific ion toxicity
from foliar absorption

Sodium, mg/L <69 >69 -— Field and vegetable
crops under sprinkler
Chloride, mg/L <106 >106 - application
Miscellaneous
NH4-N + NO3-N, mg/L <5 5-30 30 Sugarbeets, potatoes,
cotton, grains
HCO3, mg/L <90 90-520 »>520 Fruit
pH, units 6.5-8.4 4.2-5.5 <4.2 and Most crops
>8.5

a. Adjusted sodium adsorption ratio.

Trace el enments, particularly zinc, copper, and nickel are of
concern for phytotoxicity. However, the concentration of
these elenments in wastewaters is well below the toxic |eve
of all crops and phytotoxicity could only occur as a result
of long-termaccunul ati on of these elenents in the soil.

4.4 Preapplication Treat nent
Preapplication treatnent is provided for three reasons:

1. Protection of public health as it relates to human
consunption of crops or crop byproducts or to direct
exposure to applied wastewater

2. Prevention of nuisance conditions during storage

3. Prevention of operating problenms in distribution
systens

Preapplication treatnment is not necessary for the SR process
to achi eve maxi numtreatnent, except in the case of harnfu
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or toxic constituents fromindustrial sources (see Section
4.4.3). The SR process is capable of renoving high | evels of
nost constituents present in nunicipal wastewaters, and
maxi mum use shoul d be made of this renovative capacity in a

conplete treatnent system Therefore, the level of
preapplication treatnent provided should be the m ninmm
necessary to achieve the three stated objectives. In

general, any additional preapplication treatnent wll result
i n higher costs and energy use.

The EPA has issued general guidelines for assessing the
| evel of preapplication treatnent necessary for SR systens
[ 30] . The guidelines are intended to provide adequate
protection for public health:

A Primary treatnent - acceptable for isolated
| ocations with restricted public access and when
limted to crops not for direct human consunpti on.

B. Bi ol ogi cal treatnent by ponds or inplant processes
plus control of fecal coliformcount to |ess than
1,000 MPN100 nL - acceptable for <controlled

agricultural irrigation except for human food crops
to be eaten raw

C. Bi ol ogi cal treatnent by ponds or inplant processes
with additional BOD or SS control as needed for
aesthetics plus disinfection to | og nmean of 200/100
nm. (EPA fecal coliformcriteria for bathing waters)
- acceptable for application in public access areas
such as parks and gol f courses.

I n nost cases, state or local public health or water quality
control agencies regulate the quality of nunicipal wastewater
that can be used for SR The appropriate state and | oca
agenci es should be contacted early in the design process to
determ ne specific restrictions on the quality of applied
wast ewat er .

4.4.1 Preapplication Treatnent for Storage and
During Storage

Obj ectionabl e odors and nuisance conditions can occur if
anaer obi c conditions devel op near the surface in a storage
pond. Two preapplication treatnent options are available to
prevent odors:

1. Reduce t he oxygen demand of the wastewater prior to
st or age.
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2. Design the storage pond as a deep facultative pond,
usi ng appropri ate BOD | oadi ng.

Conpl ete  bi ol ogi cal t reat nent and disinfection are
unnecessary prior to storage. The level of treatnent
provi ded shoul d not exceed that necessary to control odors.
For storage ponds with short detention tinmes (less than 10 to
15 days), a reduction in the BOD of the wastewater to a range
of 40 to 75 ng/L should be sufficient to prevent odors. An
aerated cell is are normally used for BOD reduction in such
cases. For storage ponds with |onger detention tines, BOD
reduction before storage is normally not required because the
storage pond is serving as a stabilization pond.

Wast ewat er undergoes treatnment during storage. Suspended
solids, oxygen demand, nitrogen, and mcroorganisns are
reduced. 1In general, the extent of reduction depends on the
length of the storage period. In the case of nitrogen,
renoval during storage can affect the design and operation of
the SR process because the allowable hydraulic |oading rate
may be governed by the nitrogen concentration of the applied

wast ewater. N trogen renoval in storage reservoirs can be
substantial and depends on several factors including
detention tinme, tenperature, pH and pond depth. A

prelimnary nodel to estimate nitrogen renovals in ponds
during ice—free periods has been devel oped [31]:

N = N, e 007st (4-1)

wher e N = nitrogen concentration in pond effluent
(total N), ng/L

N, = nitrogen concentration entering pond
(total N), ng/L

t = detention tine, d

A nore precise nodel for predicting ammonia nitrogen renoval s
in ponds is presented in the Process Design Mnual on
Wast ewat er Treat ment ponds [ 32].

Nitrogen in pond effluent is predom nantly in the ammoni a or
organic form In nost cases, it is desirable to apply
nitrogen in these forms to SR systens because they are held
at least tenporarily in the soil profile and are avail able
for plant uptake for longer periods than nitrate, which is
mobile in the soil profile. Amoni a and organi c nitrogen
which is converted to anmonia, are particularly desirable in
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forest systens because many tree species do not take up
nitrate as efficiently as ammoni a.

A nmodel describing the renoval of fecal coliforns in pond
systens has al so been devel oped [ 33]:

o Kt 2(T-20)

G =G (4-2)
wher e G = effluent fecal coliformconcentration,

No. /100 nL
G = entering fecal coliformconcentration,

No. /100 nL
K = 0.5 warm nont hs;

0. 03 col d nont hs
t = “actual” detention tine, d
2 = 1.072
T = liquid tenperature, °C

Based on this nodel, actual detention tines of about 17 days
and 21 days woul d be necessary at 20 °C (68 °F) to reduce the
coliformlevel of a typical domestic wastewater to 1, 000/100
nmL and 200/100 nlL, respectively. Thus, effluent from storage
reservoirs, in many cases, my neet the EPA coliform
recomendations for SR systens w thout disinfection.

Renmoval of wviruses in ponds is also quite rapid at warm
tenperatures. Essentially conplete renmpval of Coxsackie and
polio viruses was observed after 20 days at 20 C [ 34]

4.4 .2 Preapplication Treatnent to Protect
Di stribution Systens

Deposition of settleable solids and grease in distribution
| aterals or ditches can cause reduction in the flow capacity
of the distribution network and odors at the point of
application. Coarse solids can cause severe clogging
problems in sprinkler distribution systens. Renoval of
settleable solids and oil and grease (i.e., primary
sedinentation or equivalent) is therefore recommended as a
m nimum | evel of preapplication treatnent. For sprinkler
systens, it has been recommended that the size of the |argest
particle in the applied wastewater be | ess than one-third the
di aneter of the sprinkler nozzle to avoid plugging.
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4.4.3 | ndustrial pretreatnent

Pol lutants that are conpatible with conventional secondary
treatnent systens would generally be conpatible with |and
treatmnent systens. As with conventional systens, pre-
treatnent requirements will be necessary for such constit-
uents as fats, grease and oils, and sulfides to protect
collection systens and treatnent conponents. Pr et r eat nent
requi rements for conventional biological treatnment wll also
be sufficient for land treatnent processes.

4.5 Loading Rates and Land Area Requirenents

The hydraulic loading rate is the volume of wastewater
applied per unit area of land over at |east one | oading
cycle. Hydraulic loading rate is commonly expressed in cnml wk
or in/fyr (in./wk or ft/yr) and is used to conpute the | and
area required for the SR process. The hydraulic |oading rate
used for design is based on the nore restrictive of two
l[imting conditions—the capacity of the soil profile to
transmt water (soil perneability) or the nitrogen
concentration in water percolating beyond the root zone.

A separate case is considered for those systens in arid
regi ons where crop revenue is inportant and the wastewater is
used as a valuable source of irrigation water. For such
systens, the design hydraulic loading rate is usually based
on the irrigation requirenents of the crop.

4.5.1 Hydraulic Loading Rate Based on Soi
pernmeability

The general water bal ance equation with rates based on a
monthly tinme period is the basis of this procedure. The
equation, with runoff of applied water assumed to be zero,
is:

L, = ET - Pr + P, (4-3)
wher e L, = wastewater hydraulic |oading rate
ET = evapotranspiration rate
Pr = precipitation rate

P, = percolation rate
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The basic steps in the procedure are:

1

Determ ne the design precipitation for each nonth
based on a 5 year return period frequency analysis
for nonthly precipitation. Alternatively, use a 10
year return period for annual precipitation and
distribute it nonthly based on the ratio of average
monthly to average annual precipitation.

Estimate the nonthly ET rate of the selected crop
(see Section 4.3.2.3).

Determine by field test the mninum clear water
pernmeability of the soil profile. I f the m ni num
soil perneability is variable over the site,
determ ne an average m ni num perneability based on
areas of different soil types.

Establish a maxi mum daily design percolation rate
that does not exceed 4 to 10% of mninmum soil
perneability (see Figure 2-3). Percentages on the
| ower end of the scale are recommended for variable
or poorly defined soil conditions. The percentage
to use is a judgnent decision to be nmade by the
designer. The daily percolation rate is determ ned
as follows:

Pa(dai | y) = permeability, cmih (24 h/d)(4 to 10%

Calculate the nonthly percolation rate wth
adj ustments for those nonths having periods of
nonoperati on. Nonoperation may be due to:

I Crop managenent. Downtinme rmust be allowed for harvesting,
pl anting, and cultivation as applicable.

I Precipitation. Downtime for precipitation is already
factored into the water bal ance conputation. No adjust-
ments are necessary.

I Freezing tenperatures. Subfreezing tenperatures cause soil
frost that reduces surface infiltration rate. Operation is
usual ly stopped when this occurs. The nost conservative
approach to adjusting the nmonthly percolation rate for
freezing conditions is to allow no operation for days
during the nonth when the nean tenperature is less than O
°C (32 F). A less conservative approach is to use a | ower
m ni mum tenperature. The reconmended |owest nean
tenperature for operation is -4 'C (25 'F). Data sources
and procedures for determ ning the number of subfreezing
days during a nonth are presented in Sections 2.2.1.3,
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2.2.2.2, and 4.6. Nonoperating days due to freezing con-
ditions may also be estimated using the EPA-1 conputer
program without precipitation constraints (see Section
4.6.2). For forest crops, operation can often continue
during subfreezing conditions.

1 Seasonal crops. When single annual crops are grown,
wastewater is not normally applied during the wnter
season, although applications my occur after harvest and
before the next planting. The design nonthly percolation
rate may be cal cul ated as foll ows:

Purontniyy = [ Pwaaity]l X (No. of operating d/no)

6. Cal cul ate the nmonthly hydraulic | oading rate using
Equation 4-3. The nonthly hydraulic |oadings are
sunmmed to yield the allowable annual hydraulic
| oading rate based on soil perneability [Lyp]. The
conputation procedure is illustrated by an exanple
for both arid and humd climates in Table 4-27. The
exanple is based on systens grow ng pernmanent
pasture and having simlar wnter weather and soi
condi tions. Downtime is allowed for freezing
condi tions, but pasture nmanagenent does not require
harvesting downti ne.

The allowable hydraulic loading rate based on soi
perneability calculated by the above procedure L,pis the
maximumrate for a particular site and operating conditions,
and this rate will be used for design if there are no other
constraints or limtations. |If other limtations exist, such
as percolate nitrogen concentration, it is necessary to
cal culate the all owabl e hydraulic | oading rate based on these
limtations and conpare that rate with the Lyr. The |ower
of the two rates is used for design.

4.5.2 Hydraulic Loading Rate Based on
Nitrogen Limts

In munici pal wastewaters applied to SR systens, nitrogen is
usually the limting constituent when protection of potable
ground water aquifers is a concern. |f percolating water
froman SR systemw ||l enter a potable ground water aquifer,
then the system should be designed such that the
concentration of nitrate nitrogen in the receiving ground
wat er at the project boundary does not exceed 10 ng/L.
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TABLE 4317
WATER BALANCE TO DETERM NE HYDRAULI C LOADI NG
RATES BASED ON SO L PERMEABI LI TY

cm
(2) (3) (4)=(2)~(3) (5) (6)=(4)+(5)
ET, Prl 'w{ r
Evapotrans- precip- Py, a wastewgter
Month piration itation Net ET Percolation hydraulic loading
Arid
climates
Jan 2.3 3.0 -0.7 5.1 4.4
Feb 5.1 2.8 2.3 12.6 14.9
Mar 9.7 2.8 6.9 16.3 23.2
Apr 13.2 2.0 11.2 18.0 29.2
May 17.7 0.5 17.2 18.0 35.2
Jun 21.8 0.3 21.5 18.0 39.5
Jul 23.9 -- 23.9 18.0 41.9
Aug 22.1 - 22.1 18.0 40.2
Sep 14.7 0.3 14.4 18.0 32.4
Ooct 10.9 0.8 10.1 18.0 28.1
Nov 5.1 1.3 3.8 17.0 20.8
Dec 2.5 2.5 0.0 14.1 14.1
Annual 149.0 16.3 132.7 191.1 323.8
Humid
climates
Jan 1.3 13.5 -12.2 5.1 0.oP
Feb 1.3 13.0 -11.7 12.6 0.9
Mar 3.0 15.5 -12.5 16.3 3.8
Apr 5.8 11.3 - 5.5 18.0 12.5
May 10.9 11.1 - 0.2 18.0 17.8
Jun 14.7 11.7 3.0 18.0 21.0
Jul 15.7 13.3 2.4 18.0 20.4
Aug 15.0 11.1 3.9 18.0 21.9
Sep 10.9 9.1 1.8 18.0 19.8
Oct 5.8 8.0 - 2.2 18.0 15.8
Nov 2.5 8.0 - 5.5 17.0 11.5
Dec 1.3 12.8 -11.5 14.1 2.6
Annual 88.2 138.4 -50.2 191.1 148.0

a. Based on a soil profile with a moderately slow permeability
(0.5 to 1.5 cm/h), P,(max} = (0.5 cm/h) (24 h/d) (30 d/mo) (0.05) = 18.0

b. L, cannot be less than zero.

The approach to neeting this requirenent involves first
estimating an allowable hydraulic | oading rate based on an
annual nitrogen balance (L,,), and conparing that to the
previously calculated Ly, to &eternine whi ch val ue controls.
The detailed steps in this procedure are:

1. Cal cul ate the allowable annual hydraulic | oading
rate based on nitrogen limts using the follow ng
equat i on:

C,) (Pr - ET) + (U)(10) -
Lw (n) ( ‘_) (4-4)

(1-£) (Cy) - Cp
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wher e

Lwn = al | owabl e annual hydraulic loading rate
based on nitrogen limts, cnlyr
G = ni trogen concentration in percol ating
wat er, ng/L
Pr = precipitation rate, cmyr
ET = evapotranspiration rate, cnlyr
U= ni trogen uptake by crop, kg/haeyr

(Tabl es 4-2, 4-11, 4-12)

G = nitrogen concentration in applied
wastewater, ng/L (after losses in
preapplication treatnent)

f = fraction of applied nitrogen renoved by
denitrification and volatilization
(4.2.2).

Conpare the value of L., wth the value of L,

calcul ated previously (Section 4.5.1). If Ly, Is
greater than L., do not continue the procedure and
use Ly, for design. |If Ly, is less than or equa

to Ly, design should be based on L,,. The value
of Lyn calculated in Step 1 above may be used to
estimate | and requi renents for purposes of Phase 2
pl anning, but for final design the procedure
outlined in Steps 3 and 4 shoul d be used.

Cal culate an allowable nmonthly hydraulic | oading
rate based on nitrogen limts using Equation 4-4
with nonthly values for Pr, ET, and U. Mont hl y
values for Pr and ET wll have been determ ned
previously for the water bal ance table (see Section
4.5.1). Monthly values for crop uptake (U) can be
estimated by assum ng that annual crop uptake is
di stributed nonthly according to the same ratio as
monthly to total grow ng season ET.

| f data on nitrogen uptake versus tinme, such as that
shown in Figure 42, are available for the crops and
climatic region specific to the project under
desi gn, then such information may be used to devel op
a nore accurate estimate of nonthly nitrogen uptake
val ues.

Conpare each nmonthly value of Ly, wth the
corresponding nonthly value of Ly, calculated
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previously (Section 4.5.1). The |lower of the two
val ues should be used for design. The design
nmonthly hydraulic |oading rates are sunmed to yield
t he desi gn annual hydraulic |oading rate.

The above procedure is illustrated in Exanmple 432
for an arid climate and a humd clinmate using the
climatic and operating conditions given in Table
4-17.

EXAVMPLE 4-1: CALCULATION TO ESTIMATE DESIGN HYDRAULIC
LOADI NG RATE

Conditions

Humid Arid
climate climate

1. Applied wastewater nitrogen concentration (Cp), mg/L 25 25

2. Crop nitrogen uptake (U), kg/ha-yr 336 336

3. Denitrification + volatilization

(as a fraction of applied nitrogen) 0.2 0.2
4. Limiting percolate nitrogen concentration (Cp), mg/L 10 10
S. Precipitation (Pr) and evapotranspiration (ET) (see
Table 4-17).
Calculations

1. Calculate allowable annual I () using Equation 4-4.

Lw(n) =

(Cp) (Pr = ET) + (U)(10)

(1-6(Cn - ¢
Humid climate Arid climate

(10) (138.4 - 88.2) + (336) (10) (10) (16.3 - 149) + (336) (10)

Iw(n) = (T - 0.2)(25) - 10 Lw(n) = {1 = 0.2)(25) - 10

= 386.2 cm/yr = 203.3 cm/yr

2. Compare Ly(n) with Ly (p)-

Humid climate Arid climate
Lw(n) = 386.2 cm/yr Lw(n) = 203.3 cm/yr
Lw(p) = 148.0 cm/yr Lw(p) = 323.8 cm/yr
--Lw(p) controls. Use Ly (p) for .~ Ly(n) controls. Continue to
design (see Table 4-17) Step 3.

3. Compute allowable monthly Ly (n) using Equation 4-4 and estimated monthly nitrogen
uptake and monthly (Pr - ET) values. Compare with monthly Lw(p) and use lower

value for design. Tabulate results. (Arid climate only)

Month (Pr - ET), cm (U), kg/ha Ly(p), cm Lw(p), cm Design Ly, cm
Jan 0.7 5.2 5.9 4.4 4.4
Feb -2.3 11.5 9.2 17.5 9.2
Mar -6.9 21.9 15.0 23.2 15.0
Apr -11.2 29.8 18.6 29.2 18.6
May -17.2 39.9 22.6 35.2 22.6
Jun -21.5 49.2 27.6 39.5 27.6
Jul -23.9 53.9 30.0 41.9 30.0
Aug -22.1 49.8 27.9 40.2 27.9
Sep -14.4 33.1 18.7 32.4 18.7
Oct -10.1 24.6 14.5 28.1 14.5
Nov -3.8 11.5 7.7 20.8 7.7
Dec 0.0 5.6 5.6 14.1 5.6
Annual -132.7 336 203.3 323.8 201.8
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The above procedure for calculating allowable hydraulic
| oading rate based on nitrogen limts is based on the
foll owm ng assunpti ons:

1. Al'l percolate nitrogen is in the nitrate form
2 No storage of nitrogen occurs in the soil profile.
3. No mxing and dilution of the percolate with in situ

ground wat er occurs.

Use of these assunptions results in a very conservative
estimate of percolate nitrogen. This procedure should ensure
that the nitrogen concentration in the ground water at the
proj ect boundaries will be I ess than the specified val ue of

C,.

As indicated by the exanple, nitrogen loading is nore |ikely
to govern the design hydraulic |oading rate for systens in
arid climates than in humd clinmates. The reason for this is
that the net positive ET rate in arid climtes causes an
increase in the concentration of the nitrogen level in the
percol ati ng wat er.

For systens in arid climates, it is possible that the design
mont hly hydraulic | oading rates based on nitrogen limts wll
be less than the irrigation requirements (IR) of the crop
The desi gner should conpare the design L, with the irrigation
requirenment to determne if this situation exists. If it
does exist, the designer has three options available to
increase L, sufficiently to nmeet the IR

1. Reduce the concentration of applied nitrogen (G)
t hrough preapplication treatnent.

2. Denonstrate that sufficient mxing and dilution (see
Section 3.6.2) will occur with the existing ground
water to permt higher values of percol ate nitrogen
concentration (C) to be used in Equation 4-4.

3. Select a different crop with a higher nitrogen
upt ake (U)
4.5.3 Hydraul i ¢ Loadi ng Rate Based on

Irrigation Requirenents
For SR systens in arid regions that have crop production for

revenue as the objective, the design hydraulic |loading rate
can be determned on the basis of the crop irrigation
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requi rement (see Section 4.3.2.1) using a nodified water
bal ance equati on:

L, = IR —Pr (4-5)
wher e L, = hydraulic |l oading rate
IR = crop irrigation requirenent
Pr = precipitation

The annual hydraulic loading rate is determ ned by sunm ng
the nonthly hydraulic | oading rates conputed using Equation
4-5. The conputational procedure is simlar to that outlined
in Section 4.5. 1.

The nonthly hydraulic |oading rate based on IR should be
checked agai nst the allowable rate based on nitrogen limts
(Lyn) as discussed in Section 4.5.2.

4.5. 4 Land Area Requirenents

The land area to which wastewater is actually applied is
termed a field. In addition to the field area, the tota
land area required for an SR system includes l|and for
preapplication treatnent facilities, admnistration and
mai nt enance buil dings, service roads, buffer zones, and
storage reservoir. Field area requirenents and buffer zone
requirenents are discussed in this section. Storage area
requirenents are discussed in Section 4.6 and area
requirenents for preapplication treatnent facilities,
buil di ngs, and service roads are determned by standard
engi neering practice not included in this manual .

4.5.4.1 Field Area Requirenents

The required field area is determined from the design
hydraulic | oading rate according to the foll ow ng equati on:

(Q)(365)(d/yr) + AVS (4-6)
Aw = C(L,)
wher e A, = field area, ha (acre)

Q= average daily comunity wastewater flow
(annual basis), nf/d (ft3 /d)
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)V, = net loss or gain in stored wastewater
vol unme due to precipitation, evaporation
and seepage at storage pond, n¥ yr(ft3 yr)

C = constant, 100 (3, 630)
L, = design hydraulic loading rate, cnliyr
(in./yr)

The first calculation of field area nust be nade w thout
considering net gain or |loss from storage. After storage
pond area is conputed, the value of )V, can be conputed from
preci pitation and evaporation data. Field area then nust be
recal cul ated to account for )V,.

Using the design hydraulic loading rate for the arid climte
in Exanple 4-1, the field area for a daily wastewater flow of
1,000 m¥/d, neglecting )V, is:

= (1,000)(365) = 18.1 ha
Aw (104)(201.8)(0.01)

4.5.4.2 Buf f er Zone Requirenents

The objectives of buffer zones around |and treatnment sites
are to control public access, and in sone cases, inprove
proj ect aesthetics. There are no universally accepted
criteria for determning the width of buffer zones around SR
treatnment systens. |In practice, the widths of buffer zones
range fromzero for renote systens to 60 m (200 ft) or nore
for systenms using sprinklers near popul ated areas. |In many
states, the width of buffer zones is prescribed by regul atory
agencies and the designer should determne if such
requi renents exist.

The requirenents for buffer zones in forest systens are
general ly less than those of other vegetation systens because
forests reduce wind speeds and, therefore, the potential
movenent of aerosols. Forests also provide a visual screen
for the public. A mninumbuffer zone width of 15 m (50 ft)
that is managed as a nultistoried forest canopy wll be
sufficient to neet all objectives. The multistoried effect
is achieved by maintaining mature trees on the inside edge of
the buffer next to the irrigated area and filling beneath the
canopy and out to the outside edge of the buffer with trees
that grow to a noderate height and have full, dense canopi es.
Evergreen species are the best selection if year-round
operation is planned. |[If existing natural forests are used
for the buffer, a mnimumw dth of 15 mmy be sufficient to

4- 36



meet the objectives, if there is an adequate vegetation
density.

4.6 Storage Requirenents

In alnost all cases, SR systens require sone storage for
periods when the anount of avail able wastewater flow exceeds
the design hydraulic |oading rate. The approach used to
determne storage requirenents is to first estinmate a storage
volunme requirenment using a water balance conputation or
conput er prograns devel oped to estimte storage needs based
on observed climatic variations throughout the United States.
The final design volune then is determ ned by adjusting the
estimated volume for net gain or loss due to precipitation
and evaporation using a nonthly water bal ance on the storage
pond. These estimating and adjustnment procedures are
described in the foll ow ng sections.

Sonme states prescribe a m ninumstorage volune (e.g., 10 days
st orage) . The designer should determne if such storage
requi renents exist.

Al applied wastewater does not need to pass through the

storage reservoir. In cases where primary effluent is
suitable for application, only the water that nust be stored
need receive prestorage treatnent. Stored and fresh

wastewater is then bl ended for application.

4.6.1 Estimati on of Volunme Requirenents Using
St orage Wat er Bal ance Cal cul ati ons

An initial estimate of the storage vol unme requirenents nmay be
determ ned using a water bal ance cal cul ati on procedure. The
basic steps in the procedure are illustrated using the arid
climte exanple from Exanpl e 4-:

1. Tabul ate the design nonthly hydraulic |loading rate
as indicated in Table 4-47.

2. Convert the actual volunme of wastewater avail able
each nonth to wunits of depth (cm using the
foll owi ng rel ati onshi p.

-2
W, = (Q,) (10 <) (4-7)
A,

where W depth of avail abl e wastewater, cm

vol une of avail abl e wastewater for the
nmont h, n?
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A, = field area, ha

Insert the results for each nonth into a water
bal ance table, as illustrated by the exanple in
Table 4-18. In some comunities, i nfl uent
wastewater flow varies significantly with the tine
of vyear. The values used for Q, should reflect
nmonthly flow variation based on historical records.
In this exanple, no nonthly flow variation is
assumned.

TABLE 418
ESTI MATI ON OF STORAGE VOLUME REQUI REMENTS
USI NG WATER BALANCE CALCULATI ONS

cm
(1) (2) (3) (4) (5)
Ly =(3)-(2)
wastewater Wa, Change )
hydraulic available in Cumulative
Month loading wastewater® storage storage
oct 14.5 16.8 2.3 -0.2b
Nov 7.7 16.8 9.1 2.3
Dec 5.6 16.8 11.2 11.4
Jan 4.4 16.8 12.4 22.6
Feb 9.2 16.8 7.6 35.0
Mar 15.0 16.8 1.8 42.6
Apr 18.6 16.8 - 1.8 44 .4€
May 22.6 16.8 - 5.8 42.6
Jun 27.6 16.8 ~-10.8 36.8
Jul 30.0 16.8 -13.2 26.0
Aug 27.9 16.8 -11.1 12.8
Sep 18.7 16.8 - 1.9 1.7
Annual 201.8 201.6

a. Based on a field area of 18.1 ha and 30,438 m3/mo
of wastewater.

b. Rounding error. Assume 2zero.

Maximum storage month.

Compute the net change in storage each nonth by
subtracting the nonthly hydraulic |oading fromthe
avai |l abl e wastewater in the sane nonth.

Conmpute the cunul ative storage at the end of each
mont h by adding the change in storage during one
month to the accunul ated quantity fromthe previous
nont h. The conputation should begin with the
reservoir enpty at the beginning of the |argest
storage period. This nonth is usually Cctober or
Novenber, but in some humd areas it may be February
or March.
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5. Conpute the required storage volune using the
maxi mum cunul ati ve storage and the field area as
i ndi cat ed bel ow.

Requi red storage vol une
(44.4 cm (18.1 ha) (102 micm (10* nt /ha)
8.04 x 10* nv¥

The advantage of wusing this water balance procedure to
estimate storage volume requirenents is that all factors that
af f ect st or age, including (1) seasonal changes in
preci pitation, evapotranspiration, and wastewater flow and
(2) downtinme for precipitation or crop managenent are
accounted for in the design hydraulic |oading rate. The
di sadvantage of this procedure is that downtinme for cold
weather has to be determ ned separately and added in by
reduci ng all owed nont hly percol ati on.

4.6.2 Estimted Storage Volune Requirenents
Usi ng Conput er Prograns

The National. dimatic Center in Asheville, North Carolina,
has conducted an extensive study of climatic variations
t hroughout the United States and the effect of these
variations on storage requirenments for soil treatnent systens
[ 35]. Based on this study, three conputer prograns, as
presented in Tabl e 4219, have been devel oped to estimate the
storage days required when inclenent weather conditions
preclude | and treatnent system operation.

TABLE 4-19
SUMVARY OF COVPUTER PROGRAMS FOR DETERM NI NG
STORAGE FROM CLI MATI C VARI ABLES [ 36]

EPA

program Applicability Variables Remarks

EPA-1 Cold climates Mean temperature, Uses freeze index
rainfall, snow depth

EPA-2 Wet climates Rainfall Storage to avoid

surface runoff

EPA-3 Moderate climates Maximum and minimum Variation of EPA-1
temperature, rainfall, for more temperate
snow depth regions

Dependi ng on the domnant climatic conditions of a region,
one of the three conmputer prograns will be nost suitable.
The program best suited to a particular region is shown in
Figure 4-3. The storage days are cal culated for recurrence
intervals of 2, 4, 10, and 20 years. A list of stations
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with storage days for 10 and 20 year recurrence intervals
from EPA conputer prograns is presented in Appendi x F. A
list of 244 stations for which EPA-1 has been run is included
in reference [35]. To use these prograns, contact the
National Cdimtic Center of the National OCceanic and
At nospheric Admnistration in Asheville, North Carolina
28801; a fee is required.

Storage days required for crop nmanagenent activities
(harvesting, planting, etc.) nmust be added to the conputer
estimated storage days due to weather to obtain the tota
storage days required in each nonth. The estimted required
storage volunme is then calculated by nmultiplying the
estimated nunber of storage days in each nonth tines the
average daily flow for the correspondi ng nont h.

4.6.3 Fi nal Design Storage Vol unme Cal cul ations

The estimated storage volune requirenment obtained by water
bal ance cal cul ati on or conputer prograns nust be adjusted to
account for net gain or loss in volune due to precipitation
or evaporation. The nmass bal ance procedure is Illustrated by
Exanple 4-2 using arid climate data from Exanple 4-1 and the
estimated storage volunme from Table 4-18. An exanple for a
systemin a nore humd climate is given in Appendi x E

EXAVPLE 4-2: CALCULATI ONS TO DETERM NE FI NAL STORAGE VOLUME
REQUI REMENTS

1. Using the initial estimated storage volume and an assumed storage pond depth
compatible with local conditions, calculate a required surface area for the
storage pond:

Ag = Vs (est) (4-8)
s

where As = area of storage pond, m?

Vs (est) = estimated storage volume, m3
dg = assumed pond depth, m
For the example, assume dg = 4 m
As = (8.024x 104 m3)
m
=2 x 104 m?

2. Calculate the monthly net volume of water gained or lost from storage due to
precipitation, evaporation, and seepage:

Vg = (Pr - E - seepage) (Ag) (1072 m/cm) (4-9)
where AVg = net gain or loss in storage volume, m3
Pr = design monthly precipitation, cm
E = monthly evaporation, cm
Ag = storage pond area

Estimated lake evaporation in the local area should be used for E, if available.
Potential ET values may be used if no other data are available. Tabulate monthly
values and sum to determine the net annual AVg.

For example, assume:
E ET
Seepage o]

Results are tabulated in Column (2) of Table 4-20.

non
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TABLE 4-20
FINAL STORAGE VOLUME REQUIREMENT CALCULATIONS

m3 x 103

(2) (3 (4) (5) =(2) + (3) - (4)

AVg Qm Vw AVg

Net Available Applied Cumulative
Month gain/loss wastewater wastewater Change in storage storage
Oct -2.0 30.4 24.3 4.1 -0.22
Nov -0.7 30.4 12.9 16.8 4.1
Dec 0.0 30.4 9.4 21.0 20.9
Jan 0.1 30.4 7.4 23.1 41.9
Feb -0.5 30.4 15.4 14.5 65.0
Mar ~-1.4 30.4 25.2 3.8 79.5
Apr -2.2 30.4 31.2 -3.0 83.3b
May -3.4 30.4 37.9 -10.9 80.3
Jun -4.3 30.4 46.3 -20.2 69.4
Jul -4.8 30.4 50.3 -24.7 49,2
Aug -4.4 30.4 46.8 -20.8 24.5
Sep -2.9 30.4 31.4 -3.9 3.7
Annual -26.5 365 338.5

a. Rounding error (assume zero).

b. Maximum design storage volume.

Tabulate the

volume of wastewater available each month (Qy) accounting for any

expected monthly flow variations. For the example, monthly flow is constant.

Calculate an
volume.

where Ay' =
LAaVs =

IOm =

L\i =

(1,000 m3/d) (365 d/yr)
12 mo/yr

= 30.4 x 103 m3/mo

Qm =

adjusted field area to account for annual net gain/loss in storage

IAVs + IQ
(Ly) (109 m</ha) (1074 m/cm)

adjusted field area, ha

Aw'

(4-10)

annual net storage gain/loss, m3

annual available wastewater, m3

design annual hydraulic lecading rate, cm

For the example:

365 x 103 - 26.5 x 103
Ay {201.8) (10%) (10-2)

16.8 ha

Note: The final design calculation reduced the field area
from 18.1 ha to 16.8 ha.

Calculate the monthly volume of applied wastewater using the design monthly
hydraulic loading rate and adjusted field area:

Vy = (Ly) (By) (104 m2/ha) (1072 m/cm) (4-11}

where V,, = monthly volume of applied wastewater, m3

Lw = design monthly hydraulic loading rate, cm
Ay' = adjusted field area, ha
Results are tabulated in Column (4) of Table 4-20.

Calculate the net change in storage each month by subtracting the monthly
applied wastewater (Vy) from the sum of available wastewater (Qp) and net
storage gain/loss (AVg) in the same month. Results are tabulated in
Column (5) of Table 4-20.

Calculate the cumulative storage volume at the end of each month by adding
the change in storage during one month to the accumulated total from the
previous month. The computation should begin with the cumulative storage
equal to zero at the beginning of the largest storage period. The maximum
monthly cumulative volume is the storage volume requirement used for design.

Results are tabulated in Column (6) of Table 4-20.

Design Vs = 83.3 x 103 m3
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€. Ad-ust the assumed value of stcrage poné depth (ds' to yield the reguired
design storage volume using Eguation 4-12.
Cg = Vg/Ag 14-12,
For the example -
B3.3 x 103 x°

dg =

2 x 10% m
= 4.16
If the pond depth cannot be adiusted due tc subsurface constraints, ther the
scrface area must be alzustecd tc obtain the recguirec desigr vclume. However,
1% the surface arez is changeZ, another iteratior of the above procedure will
te necessary because the value of net stcorage gair,loss 'Vg,will be cifferernt
for a rew pond area.
4.6.4 St orage Pond Desi gn Consi derations

Most agricul tural storage ponds are constructed of
honmogeneous earth enbanknents, the design of which conforns

to the principles of small dam design. Dependi ng on the
magni tude of the project, state regulations nmay govern the
desi gn. In California, for exanple, any reservoir wth

enbanknments higher than 1.8 m (6 ft) and a capacity in excess
of 61,800 n? (50 acre-ft) is subject to state regul ations on
desi gn and construction of danms, and plans nust be revi ewed
and approved by the appropriate agency. Design criteria and
information sources are included in the U S Bur eau of
Recl amati on publication, Design of Small Dans [37]. |In many
cases, it will be necessary that a conpetent soils engineer
be consulted for proper soils anal yses and structural design
of foundations and enbanknents.

In addition to storage volunme, the principal design
paraneters are depth and area. The design depth and area
depend on the function of the pond and the topography at the
pond site. If the storage pond is to also serve as a
facul tative pond, then a mnimum water depth of at |east 0.5
to 1 m(1.5to 3 ft) should be nmaintained in the pond when
the stored volune is at a mninmum The area nust also be
sufficient to neet the BOD pond l|oading criteria for the
| ocal climte. The wuse of aerators can reduce area
requirenents. The maxi mum depth depends on whether the
reservoir is constructed with di kes or enbanknments on |evel
ground or is constructed by danmng a natural water course or
ravi ne. Maxi mum depths of di ked ponds typically range from
3to6 m(9to 18 ft). Oher design considerations include
wind fetch, and the need for riprap and |ining. These
aspects of design are covered in standard engineering
references and assistance is also available fromlocal SCS
of fices.
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4.7 Distribution System

Design of the distribution systeminvolves two steps: (1)
selection of the type of distribution system and (2)
detailed design of system conponents. Enphasis in this
section is placed on criteria for selection of the type of
di stribution system Design procedures for SR distribution
systens are presented in Appendi x E. Only basic design
principles for each type of distribution systemare presented
in the manual, and the designer is referred to several
standard agricultural engineering references for further
design details. Certain design requirenents of distribution
systens for forest crop systens do not conformto standard
agricultural irrigation practice and are discussed under a
separ at e headi ng.

4.7.1 Surface Distribution Systens

Wth surface distribution systens, water is applied to the
ground surface at one end of a field and allowed to spread
over the field by gravity. Conditions favoring the selection
of a surface distribution systeminclude the foll ow ng:

1. Capital is not available for the initial investnent
requi red for nore sophisticated systens.

2. Skilled labor is available at reasonable rates to
operate a surface system

3. Surface topography of land requires little
addi tional preparation to nmake uniform grades for
surface distribution.

The principal Iimtations or di sadvantages of surface systens
i ncl ude the foll ow ng:
1. Land leveling costs may be excessive on uneven
terrain.
2. Uni formdistribution cannot be achieved with highly

per meabl e soils.

3. Runof f control and a return system nust be provi ded
when appl yi ng wast ewat er .

4. Skilled labor is usually required to achi eve proper
per f or mance.

5. Peri odi c mai ntenance of |eveled surface is required
to mai ntain uniform grades.
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Surface distribution systenms may be classified into two
general types: ridge and furrow and graded border (also
termed berned cell). The distinguishing physical features of
these nethods are illustrated in Figure 4-4. A summary of
variations of the basic surface nethods and conditions for
their use is presented in Table 4-21. Details of prelimnary
design are presented in Appendi x E.

4.7.2 Sprinkler Distribution Systens

Sprinkler distribution systens sinulate rainfall by creating
a rotating jet of water that breaks up into small droplets
that fall to the field surface. The advantages and
di sadvant ages of sprinkler distribution systens relative to
surface distribution systens are summarized in Table 4-22.

4.7.2.1 Types of Sprinkler Systens

In this manual, sprinkler systens are classified according to
their nmovenent during and between applications because this
characteristic determ nes the procedure for design. There
are three major categories of sprinkler systens based on
movenment: (1) solid set, (2) nove-stop, and (3) continuous
move. A summary of the various types of sprinkler systens
under each category is given in Table 4-23 along wth
respective operating characteristics.

4.7.2.2 Sprinkler D stribution Systens for Forest

The requirenments of distribution systens for forests are
somewhat different from those for agricultural and turf
crops. Solid-—set irrigation systens are the nost commonly
used systens in forests. Buried systens are | ess susceptible
to damage fromice and snow and do not interfere with forest
managemnment activities (t hi nni ng, har vesti ng, and
regeneration). A center pivot irrigation system has been
used in Mchigan for irrigation of Christnas trees because
their growm h hei ght woul d not exceed the height of the pivot
arns. Traveling guns have al so been used to irrigate short-
termrotation hardwod pl antations.

As discussed in Section 4.3.2.4, the design sprinkler
application rate is usually not limted by the infiltration
capacity of nost forest soils. Steep grades (up to 35%, in
general, do not limt the design hydraulic |oading rate per
application for forest systens. |In fact, hydraulic | oadings
per application nmay be increased up to 10% on grades greater
t han 15% because of the higher drainage rate. Precautions
must be taken to nmake sure that water draining through the
surface soil does not appear as runoff further down the
sl ope.
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(a) RIDEE AND FURROW METHOD
USING GATED PIPE

(b) GRADED BORDER METHOD

FIGURE 4-4
SURFACE DISTRIBUTION METHODS
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TABLE 4-22
ADVANTAGES AND DI SADVANTAGES OF SPRI NKLER
DI STRI BUTI ON SYSTEMs RELATI VE TO SURFACE
DI STRI BUTI ON SYSTEMS

Advantages

Disadvantages

Can be used on porous and variable soils.
Can be used on shallow soil profiles.

Can be used on rolling terrain.

Can be used on easily eroded soils.

Can be used with small flows.

Skilled labor not required.

Can be used where high water tables exist.

® N O N b w N e

Can be used for light, frequent
applications.

O

Control and measurement of applied water
is easier.

10. Interference with cultivation is minimized.

11. Higher application efficiencies are
usually possible.

12. Tailwater control and reapplication
not usually required.

8.
9.

Initial capital cost can be high.

Energy costs are higher than for surface
systems.

Higher humidity levels can increase
disease potential, for some crops.

Sprinkler application of high salinity
water can cause leaf burn.

Water droplets can cause blossom damage to
fruit crops or reduce the quality of some
fruit and vegetable crops.

Portable or moving systems can get stuck
in some clay soils.

Higher levels of preapplication treatment
generally are required for sprinkler systems
than for surface systems to prevent operating
problems {(clogging).

Distribution is subject to wind distortion.

wind drift of sprays increases, the potential
for public exposure to wastewater.

TABLE 4-\23
SPRI NKLER SYSTEM CHARACTERI STI CS

Labor
required Nozzle Size of Maximum
Typical per pressure single crop
application application, range, system, Shape of Maximum height,
rate, cm/h h/ha N/cm2 ha field grade, % m
Solid set
Permanent 0.13-5.08 0.02-0.04 21-69 Unlimited Any shape - -
Portable 0.13-5.08 0.08-0.10 21-41 Unlimited Any shape - -
Move-stop
Hand move 0.03-5.08 0.2-0.6 21-41 <l-16 Any shape 20 -
End tow 0.03-5.08 0.08-0.16 21-41 B-16 Rectangular 5-10 -
Side wheel roll 0.25-5.08 0.04-0.12 21-41 B-32 Rectangular 5-10 1-1.2
Stationary gun 0.64-5.08 0.08-0.16 35-69 B-16 Any shape 20 -
Continuous move
Traveling gun 0.64-2.54 0.04-0.12 35-69 16-41 Any shape - -
Center pivot 0.51-2.54 0.02-0.06 10-41 16-65 Circular?® 5-15 2.4-3
Linear move 0.51-2.54 0.02-0.06 10-41 16-130 Rectangular 5-15 2.4-3

a. Travelers are available to allow irrigation of any shape field.
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Solid set sprinkler systens for forest crops have sone
speci al design requirenments. Spacing of sprinkler heads nust
be cl oser and operating pressures lower in forests than other
vegetation systens because of the interference from tree
trunks and | eaves and possi bl e damage to bark. An 18 m (60
ft) spacing between sprinklers and a 24 m (80 ft) spacing
between | ateral s has proven to be an acceptabl e spacing for
forested areas [39]. This spacing, with sprinkler overl ap,
provi des good wastewater distribution at a reasonabl e cost.
Qperating pressures at the nozzle should not exceed 38 N cnt
(55 Ib/in? ), although pressures up to 59 Ncnt (85 |b/in?
may be used with mature or thickbarked hardwood species. The
sprinkler risers should be high enough to raise the sprinkler
above nost of the understory vegetation, but generally not
exceeding 1.5 m (5 ft). Lowtrajectory sprinklers should be
used so that water is not thrown into the tree canopies,
particularly in the winter when ice buildup on pines and
ot her evergreen trees can cause the trees to be broken or
upr oot ed.

A nunber of different nethods of applying wastewater during
subfreezing tenperatures in the wi nter have been attenpted.
These range from various nodifications of rotating and
nonr ot at i ng sprinklers to furrow and subt er ranean
applications. Ceneral practice is to use lowtrajectory,
single nozzle inpact-type sprinklers, or low trajectory,
doubl e nozzle hydraulic driven sprinklers. A spray nozzle
used at West Dover, Vernont, is shown in Figure 4-5.

Installation of a buried solid-set irrigation system in
exi sting forests nust be done with care to avoid excessive
damage to the trees or soil. Al ternatively, solid-set
systens can be placed on the surface if adequate |ine
drai nage is provided (see Figure 4-6). For buried systens,
sufficient vegetation nust be renoved during construction to
ensure ease of installation while mnimzing site disturbance
so that site productivity is not decreased or erosion hazard
increased. A 3 mwde (10 ft) path cleared for each |l ateral
nmeets these objectives. Foll owi ng construction, the
di sturbed area nust be nulched or seeded to restore
infiltration and prevent erosion. During operation of the
land treatnent system a 1.5 m9 ft) radius should be kept

cl ear around each sprinkler. This practice allows better
di stribution and nore convenient observation of sprinkler
operation. Spray distribution patterns will still not neet

agricultural standards, but this is not as inportant in
forests because the roots are quite extensive.
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a. SPRAYING b. DRAINING

BRASS TUBE IN LEFT HALF DRAINS QUICKLY,
UNTIL LIQUID LEVEL IS BELOW ITS TOP.
THEN ONLY RIGHT HALF CONTINUES TO DM IN.

c. LINE DRAINED d. NEXT SPRAY CYCLE
SNALL AMOUNT OF VCE HAS FORMED TO BLOCK WATER INITIALLY SPRAVS THROUGH THE BRASS
RIGHT HALF OF NOZZLE. BRASS TUBE LEFT TUBE ON THE LEFT SIDE. THE HEAT FROM
NALF IS OPEN AND READY FOR NEXT SPRAY THE L1QUID MELTS THE ICE PLUG BLOCKING
CYCLE. THE RIGHT HALF OF THE NOZZLE AND SPRAY-
ING RESUMES IN THE NORMAL MANNER AS
SHOWN IN 2.
FIGURE 4-5

FAN NOZZLE USED FOR SPRAY APPLICATION AT WEST DOVER, VERMONT
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FIGURE 4-6
SOLID SET SPRINKLERS WITH
SURFACE PIPE IN A FOREST SYSTEM
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4.7.3 Service Life of Distribution System

Conponent s
The expected service life of the distribution system
conponents is a design consideration and nust be used to
devel op detailed cost conparison. The suggested service

Iives of common distribution system conponents are listed in
Tabl e 4-24.

4.8 Drainage and Runoff Contro

Provisions to inprove or control subsurface drainage are
sonmeti nmes necessary with SR systens to renpbve excess water
fromthe root zone or to renove salts fromthe root zone when
these conditions adversely affect crop growh. Control of
surface runoff is necessary for SR systens using surface
di stribution methods. In humd areas with intense rain—
falls, control of surface drainage is necessary to prevent
erosion and may be hel pful in reducing the anmount of water
entering the soil profile and thereby reducing or elimnating
the need for subsurface drai nage. Design considerations for
dr ai nage and runoff control provisions are discussed in the
foll ow ng sections.

4.8.1 Subsurface Drai nage Systens

Subsurface drai nage systens are used in situations where the
natural rate of subsurface drainage is restricted by
relatively inperneable layers in the soil profile near the
surface or by high ground water. As a result of the
restrictive layer, shallow ground water tables can formthat
extend into the root zone and even to the soil surface.

The major consideration for wastewater treatnent is the
mai nt enance of an aerobic zone in the upper soil profile.
Many of the wastewater renoval mechani snms require an aerobic
environment to function nost effectively. A travel distance
of 0.6 to 1 m(2to 3 ft) through aerobic soil is considered
the m ni mum di stance to achieve treatnent by the SR process.
Therefore, a water table depth of 1 m (3 ft) or nore is
desirable froma wastewater treatnment standpoint.
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TABLE 4-24
SUGGESTED SERVI CE LI FE FOR COVPONENTS OF
DI STRI BUTI ON SYSTEM [ 40]

Service life?

Hoursb Vears

1o
[

wWell and casing -

Purp plant housing -- R
Pump, turbine

Bowl {about 50% of cost of pump unit} 16,000 3

Column, etc. 32,000 le
Pump, centrifugal 32,000 le
Power transmission

Gear head 30,000 15

V-belt €,000 3

Flat belt, rubber and fabric 10,000 5

Flat belt, leather 20,000 10
Power units

Electric motor 50,000 25

Diesel engine 28,000 14

Gasoline or distillate

Air cooled 8,040 B
Water cooled 18,000 9

Propane engine 28,000 14
open farm ditches (permanent) -- 20
Concrete structures - 20
Concrete pipe systems -- 20
wood flumes - 3
Pipe, surface, gated -- 10
Pipe, water works class -- 40
Pipe, steel, coated, underground -- 20
Pipe, aluminum, sprinkler use - 15
Pipe, steel, coated, surface use only -- 10
Pipe, steel galvanized, surface only -- 15
Pipe, wood buried -- 20
Sprinkler heads -- 8
Solid set sprinkler system -- 20
Center pivot sprinkler system - 10-14
Side roll traveling system - 15-20
Traveling gun sprinkler system -- 10
Traveling gun hose system - 4
Land grading® -- None
Reservoirsd - None

a., Certain irrigation equipment may have a shorter life
when used in a wastewater treatment system.

b. These hours may be used for year-round operation.
The comparable period in years was based on a
seasonal use of 2,000 h/yr.

c. Some sources depreciate land leveling in 7 to 15
years. However, if proper annual maintenance is
practiced, figure only interest on the leveling
costs. Use interest on capital invested in water
right purchase.

d. Except where silting from watershed above will fill
reservoir in an estimated period of years.
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For SR systens where wastewater treatnent and maxi mum
hydraulic loading rate are the design objectives, the
presence of excess noisture in the root zone is of limted
concern for crops because water tol erant crops are generally
sel ected for such systens. However, restrictive subsurface
| ayers and resulting high water tables limt the allowable
percol ation rate and, therefore, the design hydraulic | oading
rate. Subsurface drains placed above the restrictive |ayer
elimnate the effect of that |ayer on percolation and all ow
the design percolation rate to be based on nore perneabl e
overlying soil horizons. The design hydraulic |oading rate
i's thereby increased.

In arid regions, the additional problemof salinity control
is encountered. Wth such systens, excess water is applied
to renove salts that concentrate in the root zone (Section
4.3.2.3). Wiere the natural drainage rate is insufficient to
renove salty | eaching water fromthe root zone within 2 to 3
days, crop damage due to salinity may occur dependi ng on the
tol erance of the crop and the salinity of the applied water
(see Section 4.3.2.5). In such cases, the objectives of a
subsurface drai nage systemare to (1) prevent the persistence
of high water tables when |eaching is practiced, and (2) to
keep the water table sufficiently | ow between growi ng seasons
to mnimze evaporation fromthe water table and resulting
salt accumulation in the root zone. As a rule of thunb, the
wat er table should not be permtted to cone cl oser than about
125 cm (49 in.) from the surface to prevent salt
accunul ati on. This mnimum depth is greater than those
generally used in humd areas. Any drainage water fromcrop
revenue systens that is discharged to surface waters nust
nmeet applicabl e di scharge requirenents.

The decision to use subsurface drains nust be based on the
econom ¢ benefit to be gained fromtheir use. For exanple,
the cost of installing and maintaining a subsurface drain
system should be conpared to the value of developing an
ot herwi se unsuitable site or to the cost of a larger I|and
area that wll be required if subsurface drains are not used.

Buried plastic, concrete, and clay tile lines are normally
used for underdrains. The choice usually depends on price
and availability of materials. Were sulfates are present in
the ground water, it is necessary to use a sul fate-resistant
cement, if concrete pipe is chosen, to prevent excess
internal stress fromcrystal formation. Mst tile drains are
mechanically laid in a machine dug trench or by direct
pl owi ng. Qpen trenches can be used for subsurface drainage,
but if closely spaced, they can interfere with farmng
operations and consune usabl e | and.
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Underdrains are nornmally buried 1.8 to 2.4 m(6 to 8 ft) deep
but can be as deep as 3 m (10 ft) or as shallowas 1 m (3
ft). Drains are normally 10 to 15 cm (4 to 6 in.) in
dianeter. Spacings as small as 15 to 30 m (50 to 100 ft) may
be required for clayey soils. For sandy soils, 120 m (400
ft) is typical wwth the range being from®60 to 300 m (200 to
1,000 ft).

Procedures for determning the proper depth and spaci ng of
drain lines to maintain the water table bel ow a m ni nrum depth
are discussed in Section 5.7. Addi tional detailed design
procedures and engineering aspects of subsurface drai nage
systens are described in references [41, 42, 43].

4.8.2 Surface Drai nage and Runoff Control

Drai nage and control of surface runoff 1is a design
consideration for SR systens as it relates to tailwater from
surface distribution systens and stormvater runoff from al
syst ens.

4.8.2.1 Tai | water Return Systens

Most surface distribution systens will produce sone runoff,
which is referred to as tailwater. Wen partially treated
wastewater is applied, tailwater nmust be contained within the
treatnment site and reapplied. Thus a tailwater return system
is an integral part of an SR system wusing surface
di stribution methods. A typical tailwater return system
consists of a sunp or reservoir, a punp(s), and return
pi pel i ne.

The sinplest and nost flexible type of systemis a storage
reservoir systemin which all or a portion of the tailwater
flow from a given application is stored and either
transferred to a main reservoir for later reapplication or
reapplied fromthe tailwater reservoir to other portions of
the field. Tailwater return systens should be designed to
distribute collected water to all parts of the field, not
consistently to the sane area. If all the tailwater is
stored, punping can be continuous and can commence at the
conveni ence of the operator. Punps can be any conveni ent
size, but a mninmum capacity of 25% of the distribution
system capacity is recomended [44]. If a portion of the
tailwater flow is stored, the reservoir capacity can be
reduced but punping nust begin during tailwater collection.

Cycling punp systens and continuous punpi ng systens can be
designed to mnimze the storage volunme requirenents, but
these systens are nuch less flexible than storage systens.
The designer is directed to reference [44] for design
pr ocedur es.
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The principal design variables for tailwater return systens
are the volune of tailwater and the duration of tailwater
flow. The expected values of these paraneters for a well-
operated systemdepend on the infiltration rate of the soil.
Quidelines for estimating tailwater volume, the duration of
tailwater flow, and suggested maxi num design tailwater vol une
are presented in Table 4-25.

TABLE 4-25
RECOMVENDED DESI GN FACTORS
FOR TAI LWATER RETURN SYSTENMS [ 44]

Maximum duration Estimated Suggested_maximum
Permeability of tailwater tailwater volume, design tailwater

flow, % of % of application volume, % of appli-

Class Rate, cm/h Texture range application time volume cation volume
Very slow 0.15-0.5 Clay to clay 33 15 30
to slow loam
Slow to 0.5-1.5 Clay loam to 33 25 50
moderate silt loam
Moderate to 1.5-15 Silt loams to 75 35 70
moderately sandy loams

rapid

Runoff of applied wastewater from sites wth sprinkler
di stribution systens should not occur because the design
application rate of the sprinkler systemis |less than the
infiltration rate of the soil—vegetation surface. However,
some runoff from systens on steep (10 to 30% hillsides
should be anticipated. In these cases, runoff can be
tenporarily stored behind small check dans | ocated in natural
dr ai nage courses. The stored runoff can be reapplied with
portabl e sprinkling equi pnent.

4.8.2.2 St or mvat er Runoff Provi sions

For SR systens, control of stormwater runoff to prevent
erosion is necessary. Terracing of steep slopes is a well
known agricultural practice to prevent excessive erosion

Sedi nent control basins and other nonstructural control

measures, such as contour plowing, no-till farmng, grass
border strips, and stream buffer zones can be used. Since
wast ewat er application wll usually be stopped during storm
runoff conditions, recirculation of stormrunoff for further
treatnent is usually unnecessary. Channels or waterways that
carry stormmvater runoff to discharge points should be
designed with a capacity to carry runoff froma stormof a
specified return frequency (10 year m ni mum.
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4.9 System Managenent
4.9.1 Soi | Managenent

Managenent of the soil involves tillage operations and
mai nt enance of the proper soil chem cal properties including
plant nutrient levels, pH sodium levels, and salinity
| evel s. Much of what is discussed under soil managenent
refers to agricultural crop systens, since nost forest crop
systens require very little soil managenent.

4.9.1.1 Till age Operations

One of the principal objectives of tillage operations is to
mai ntain or enhance the infiltration capacity of the soil

surface and the perneability of the entire soil profile. In
general, tillage operations that expose bare soil should be
kept to a mninum Mnimum tillage and no—till nethods

conserve fuel, reduce |abor costs, and m nimze conpaction of
soils by heavy equi pnrent. Conventional plowng (20 to 25 cm
or 8 to 10 in.) and preparation of a seedbed free of weeds
and trash are necessary for nobst vegetables and root crops.
Many field crops, however, can be planted directly in sod or
residues froma previous crop or after partial incorporation
of residues by shallow disking. Crop residues |left on the
surface or partially incorporated to a depth of 8 or 10 cm (3
or 4 in.) provide protection against runoff and erosion
during intervals between crops. The deconposition of
residues on or near the soil surface helps to maintain a
friable, open condition conducive to good aeration and rapid
infiltration of water. Actively deconposing organic matter
also helps to reduce the concentration of other soluble
pol lutants and can hasten the conversion of toxic organics,
i ke pesticides, to | ess toxic products.

At sites where clay pans have fornmed and reduce the effective
perneability of the soil profile, it may be necessary to plow
very deeply (60 to 180 cmor 2 to 6 ft) to m x inperneable
subsoil strata wth nore perneable surface nmaterials.
| nper meabl e pans fornmed by vehicular traffic (plow pans) or
by cenentation of fine particles (hard pans) can be broken up
by subsoiling equi pent that | eaves the surface protected by
vegetation or stubble. To be effective, however, the
subsoi | i ng equi prent nust conpletely break through the pan
layers. This is difficult if the pan |layers are nore than 30
cm (1 ft) thick. Local soil conservation district personnel
shoul d be consulted regarding tillage practices appropriate
for specific crops, soils, and terrain.
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4.9.1.2 Nutri ent Status

During design, it is recommended that the nutrient status of
the soil be evaluated. Periodic evaluation is recommended as
part of the system nonitoring program (Section 4.10).

Sufficient nitrogen, phosphorus, and nost other essenti al
nutrients for plant growh are generally supplied by nobst
wast ewat er s. Potassiumis the nutrient nost likely to be
deficient since it is usually present in |ow concentrations
i n wastewater. For soils having low levels of natural
potassium the follow ng rel ati onship has been devel oped to
estimate potassiumfertilizer requirenents:

Ki = 0.9U —K,, (4-13)
wher e Ki = annual fertilizer potassium needed, kg/ha

U = estimated annual crop uptake of nitrogen,
kg/ ha

Kw = anmount of potassium applied in wastewater,
kg/ ha

On the basis of comonly used test nethods for available
nutrients, the University of California Agricultura
Extension Service has developed a sunmary of adequate
avai lable levels in the soil of the nutrients nost commonly
deficient for sonme selected crops. This summary is presented
in Table 4-26. Citical values for nitrogen are not included
because there are no well accepted nmethods for determ ning
avai |l abl e nitrogen

Tabl e 4-26
APPROXI MATE CRI Tl CAL LEVELS OF NUTRI ENTS
IN SO LS FOR SELECTED CROPS | N CALI FORN A

Approximate
Nutrient critical range, ppm Test method
Phosphorus 0.5 M NaHCO3 extraction
Range and pasture 10 at pH 8.5
Field crops and warm 5-9
season vegetables
Cool season vegetables 12-20
Potassium 1.0 N ammonium acetate
Grain and alfalfa 45-55 extraction at pH 7.0
Cotton 55-65
Potatoes 90-110
Zinc 0.4-0.6 DPTA extraction
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4.9.1.3 Soi | pH Adj ust nent

In general, a pHless than 4.2 is too acid for nost crops and
above 8.4 is too alkaline for nost crops. The optinmm pH
range for crop growth depends on the type of crop. Extrenes
in the soil pH also can affect the performance of an SR
system or indicate problem conditions. Bel ow pH 6.5, the
capacity of the soil to retain netal is reduced. A soil pH
above 8.5 generally indicates a high sodium content and
possi bl e perneability problens.

The pH of soils can be adjusted by the addition of |imng
materials or acidulating chemcals. A pH adjustnent program
shoul d be based on the recomendations of a professiona
agricultural consultant or county or state farm adviser.

4.9.1. 4 Exchangeabl e Sodi um Contro

Soil s containing excessive exchangeable sodium are terned
“sodic” soils. A soil is considered sodic when the
percentage of the total cation exchange capacity (CEC)
occupi ed by sodi um the exchangeabl e sodi um percent age (ESP)

exceeds 15% Hgh levels of sodium cause |ow soil
permeability, poor soil aeration, and difficulty in seedling
ener gence. Fine-textured soil may be affected at an ESP

above 10% but coarse-textured soil may not be damaged unti l
the ESP reaches about 20% The ESP shoul d be determ ned by
| aboratory anal ysis before design if sodic soils are known to
exist in the area of the site. Sodic soil conditions may be
corrected by adding soluble calciumto the soil to displace
t he sodi umon the exchange and renovi ng the di spl aced sodi um
by | eachi ng. Advice on correcting sodic soils should be
obtai ned fromagricultural consultants or farm advisers.

4.9.1.5 Salinity Control

Salinity control may be necessary in arid climtes where
natural rainfall is insufficient to flush salts fromthe root
zone. The salinity level of a soil is usually neasured on
the basis of the electrical conductivity of an extract
solution from a saturated soil (EC). Saline soils are
defined as those yielding an EC, value greater than 4,000
m cromhos/cmat 25 'C (77 'F).

Soils that are initially saline may be reclai nmed by | eaching;
however, managenent of the |eachate is often required to
protect ground water quality. The U. S Departnent of
Agri cul ture*s Handbook 60 [45] deals with the diagnosis and
i nprovenent of such soils for agricultural purposes. This
reference can be used as a practical guide for managing
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sal[ne and saline-sodic soil conditions in arid and sem ari d
regi ons.

4.9.2 Crop Managemnent

Because of their substantially different requirenents, the
managenent of agricultural crops and forest crops are
di scussed separately.

4.9.2.1 Agricultural Crop Planting and Harvesting

Local extension services or simlar experts should be
consul ted regardi ng planting techni ques and schedul es. Most
crops require a period of dry weather before harvest to
mature and reach a noisture content conpatible wth
harvesting equi pnent. Soil noisture at harvest tinme should
be | ow enough to mnimze conpaction by harvesting equi pnent.
For these reasons, application should be discontinued well in
advance of harvest. The time required for drying will depend
on the soil drainage and the weather. A drying time of 1 to
2 weeks is usually sufficient if there is no precipitation.
However, advice on this should be obtained from | ocal
agricultural experts.

Harvesting of grass crops and alfalfa involves regular
cuttings, and a decision regarding the trade-off between
yield and quality nmust be nade. Advice can be obtained from
| ocal agricultural experts. In the northeast and north
central states, three <cuttings per season have been
successful wth grass crops.

4.9.2.2 Grazing

Grazing of pasture by beef cattle or sheep can provide an
economc return for SR systens. No health hazard has been
associated with the sale of the animals for human
consunpti on.

Grazing animals return nutrients to the ground in their waste
products. The chemcal state (organic and amoni a nitrogen)
and rate of release of the nitrogen reduces the threat of
nitrate pollution of the ground water. Much of the
ammoni a—Ai trogen vol atilizes and the organic nitrogen is held
in the soil where it is slowly mneralized to amoni um and
nitrate forns. Steer and sheep manure contain approxi mately
20% nitrogen after volatile |osses, of which about 40% is
mneralized in the first year, 25%in the second, and 6% in
successive years [41].

In terns of pasture managenent, cattle or sheep nust not be
allowed on wet fields to avoid severe soil conpaction and
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reduced soil infiltration rates. Wt grazing conditions can
al so lead to ani mal hoof diseases. Pasture rotation should
be practiced so that wastewater can be applied imediately
after the livestock are renoved. |In general, a pasture area
shoul d not be grazed |onger than 7 days. Typical regrowth
peri ods between grazings range from 14 to 35 days. Depending
on the period of regrowh provided, one to three water
applications can be nmade during the regrowh period.
Rotation grazing cycles for 3 to 8 pasture areas are given in
Table 4-27. At least 3 to 4 days drying tinme follow ng an
application should be allowed before |ivestock are returned
to the pasture.

Tabl e 4-27
GRAZI NG ROTATI ON CYCLES FOR
DI FFERENT NUMBERS OF PASTURE AREAS

No. of Rotation Regrowth Grazing
pasture areas cycle, days period, days period, days

3 21 14 7
4 28 21 7
5 35 28 7
© 36 30 6
7 35 28 7
8 32 28 4

4.9.2.3 Agricul tural Pest Control

Problens with weeds, insects, and plant diseases are
aggravat ed under conditions of frequent water application,
particularly when a single crop is grown year after year or
when no-till practices are used. Most pests can be
controlled by selecting resistant or tolerant crop varieties
and by wusing pesticides in conbination with appropriate
cul tural practices. State and |ocal experts should be
consulted in devel oping an overall pest control programfor
a given situation

4.9.2. 4 Forest Crops

The type of forest crop managenent practice selected is
determ ned by the species mx grown, the age and structure of
the stand, the nethod of reproduction best suited and/or
desired for the favored species, terrain, and type of
equi pnent and techni que used by |ocal harvesters. The nobst
typical forest managenent situations encountered in |and
treatment are rmanagenent of existing forest stands,
reforestation, and short-termrotation.
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Exi sting Forest Ecosystens

The general objective of the forest managenent programis to
maxi m ze bi omass production. The conprom se between fully
attaining a forest*s growth potential and the need to operate
equi pnent efficiently (distribution and harvesting equi pnent)
requires fewer trees per unit area. These operations wll
assure mai ntenance of a high nutrient uptake, particularly
nitrogen, by the forest.

For uneven—aged forests, the desired forest conposition,
structure, and vigor can be best achieved through thinning
and sel ective harvest. However, excessive thinning can nmake
trees susceptible to wind throw and caution is advised in
w ndy areas. The objective of these operations would be to
mai ntain an age class distribution in accordance wth the
concept of optinmumnutrient storage (see Section 4.3). The
mai nt enance of fewer trees than normal would permt adequate
sunlight to reach the understory to pronote reproduction and
grow h of the understory. Thinning should be done initially
prior to construction of the distribution system and only
once every 10 years or so to mnimze soil and site damage.

In even-aged forests, trees will all reach harvest age at the
sanme tinme. The usual practice is to clear-cut these forests
at harvest age and regenerate a stand by either planting
seedlings, natural seeding, sprouting from stunps (called
coppice), or a conbination of several of the nethods. Even-
aged stands nmay require a thinning at an internediate age to
mai nt ai n maxi num bi onmass production. Coniferous forests, in
general , must be repl anted, whereas hardwood forests can be
reproduced by coppice or natural seeding.

The concept of “whol e-tree harvesting” should be considered
for all harvesting operations, whether it be thinning,
selection harvest, or «clear-cut harvest. Whol e-tree
harvesting renoves the entire standing tree: stem branches,
and | eaves. Thus, 100% of the nitrogen accunmulated in the
aboveground bi omass woul d be renpoved (see Section 4.3.2.1).

Prescribed fire is a combn managenent practice in many
forests to reduce the debris or slash left on the site during
conventional harvesting nethods. During the operation, a
portion of the forest floor is burned and nitrogen is
vol atilized. Although this represents an i medi ate benefit
in terns of nitrogen renoval from the site, the buffering
capacity that the forest floor offers is reduced and the
likelihood of a nitrate leaching to the ground water is
i ncreased when application of wastewater is resuned.
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Ref or est ati on

Wastewater nutrients often stinulate the growh of the
her baceous vegetation to such an extent that they conpete
wi th and shade out the desirable forest species. Herbaceous
vegetation is necessary to act as a nitrogen sink while the
trees are becomng established, and therefore, cultural
practices nust be designed to control but not elimnate the
her baceous vegetation. As the tree crowns begin to close,
t he herbaceous vegetation will be shaded and its role in the
renovation cycle reduced. Another alternative to control of
t he herbaceous vegetation is to elimnate it conpletely and
reduce the hydraulic and nutrient Iloading during the
est abl i shnment peri od.

Short -Term Rot ati on

Short—+termrotation forests are plantations of closely spaced
hardwood trees that are harvested repeatedly on cycles of
| ess than 10 years. The key to rapid growh rates and
bi omass devel opnent is the rootstock that remains in the soi
after harvest and then resprouts. Short-term rotation
harvesting systens are readily mechani zed because the crop is
uniformand rel atively snall

Usi ng conventional tree spacings of 2.5to 4 m(8 to 12 ft),
research on systens where wastewater has been applied to
short—+termrotation plantations has shown that high growth
rates and high nitrogen renoval are possible [16]. Planted
stock will produce only 50% to 70% of the biomass produced
following cutting and resprouting [47, 48]. |If nitrogen and
other nutrient uptake is proportional to biomass, the first
rotation from planted stock will not renove as nuch as
subsequent rotations from coppice. Therefore, the initial
rotation must receive a reduced nutrient |oad or other
her baceous vegetation nust be enployed for nutrient storage.
Alternatively, closer tree spacings nay be used to achieve
desired nutrient uptake rates during initial rotation.

4.10 System Monitoring

The broad objectives of a nonitoring programfor an SR system
are to determne if the effluent quality requirenents are
being net, to determne if any corrective action i s necessary
to protect the environnent or maintain the renovative
capacity of the system and to aid in system operation. The
conmponents of the environnment that need to be observed
include water quality, the soils receiving wastewater, and in
sone cases, vegetation growing in soils that are receiving
wast ewat er .
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4.10.1 Water Quality Monitoring

Monitoring of water quality for |and application systens can
be nore complex than for conventional treatnent systens
because nonpoi nt discharges of systemeffluent are invol ved.
Moni toring of applied wastewater and renovated water quality

is useful for process control. For SR systens, renovated
wat er woul d only be nonitored in cases where underdrains are
used. Monitoring of receiving waters, surface or ground

wat er, may be required by regulatory authorities.

I n nost cases, a water quality nonitoring program including
constituents to be anal yzed and frequency of analysis, wll
be prescribed by local regulatory agencies. It may be
desired to nonitor additional constituents or paraneters for
pur poses of crop and soil managenent.

Ground water nonitoring data are difficult to interpret
unl ess sanpling wells are |ocated properly and correct
sanmpling procedures are followed. |In addition to quality,
the depth to ground water should be neasured at the sanpling
wells to determne if the hydraulic response of the aquifer
is consistent with what was anticipated. For SR systens, a
rise in water table levels to the root zone woul d necessitate
corrective action such as reduced hydraulic |oading or adding
under dr ai nage. The appearance of seeps or perched ground
water tables mght also indicate the need for corrective
action.

4.10.2 Soil's Monitoring

I n some cases, application of wastewater to the land w |
result in changes in soil properties. Results of soil
sanpling and testing wll serve as the basis for deciding
whet her or not soil properties should be adjusted by the
application of chem cal anmendnments. Annual nonitoring of the
soil properties described in Section 4.9.1 is sufficient for
nost systens.

It is recommended that the |level of trace el enents of concern
(see Chapter 9) in the soil be nonitored every few years so
that the rate of accunulation can be observed and toxic
| evel s avoided. Total netal analysis by hot acid digestion
is recomended for nonitoring and conpari son purposes.
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4.10.3 Veget ati on Monitoring

Pl ant tissue analysis is nore revealing than soil analysis
with regard to deficient or toxic levels of elenents. | f
visual synptons of nutrient deficiencies or toxicities
appear, plant tissue testing can be used for confirnmation,
and corrective action can be taken. A regular plant tissue
nonitoring programcan often detect deficiencies or toxicity
before visual synptons and damage to the plant occurs.

Nitrate should be determ ned in forages or |eafy vegetables
if there is reason to suspect concentrations which m ght be
toxic to livestock. Detailed information on plant sanpling
and testing may be found in references [49, 50]. Extension
specialists or local farm advisers should be consulted
regardi ng plant tissue testing.

4.11 Facilities Design Quidance

The purpose of this section is to provide gui dance on aspects
of facilities design that my be wunfamliar to sone
envi ronnment al engi neers.

1 Standard surface irrigation practice is to produce
| ongi tudi nal slopes of 0.1 to 0.2% w th transverse
sl opes not exceeding 0.3%

Step 1. Rough grade to 5 cm (0.15 ft) at
30 m (100 ft) grid stations.

Step 2. Finish grade to £3 cm (0.10 ft) at
30 m (100 ft) grid stations with no
reversals in slope between stations.

Step 3. Land plane with a 18 m (60 ft) m ni num
wheel base, l|and plane to a “near
perfect” finished grade.

Access to sprinklers or distribution piping should
be provided every 390 m (1,300 ft) for convenient
mai nt enance.

Bot h asbestos-cenment and PVC irrigation pipe are
rather fragile and require care in handling and
instal |l ation.

D aphragm oper at ed gl obe val ves are recommended for
controlling flowto | aterals.

I Al | electric equi pnment should be grounded,
especially when associated wth center pivot
syst ens.
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Aut omat i c controls can be el ectrically,
hydraulically, or pneumatically operated. Sol enoid
actuated, hydraulically operated (by the wastewater)
valves wth small orifices will clog from the
sol i ds.

Val ve boxes, 1 m (36 in.) or larger, should be nade
of corrugated netal, concrete, fiber glass, or pipe
material. Valve boxes should extend 15 cm (6 in.)
above grade to exclude stormater.

Low pressure shutoff valves should be used to avoid
continuous draining of the |owest sprinkler on the
| ateral .

Aut omatic operation can be controlled by tiner
clocks. It is inportant that when the tinmer shuts
the systemdown for any reason that the field val ves
cl ose automatically and that the sprinkling cycles
resunme as schedul ed when sprinkling commences. The
clock should not reset to tine zero when an
i nterruption occurs.

High flotation tires are recommended for |and
treatment systemvehicles. Recomrended soil contact
pressures for center pivot nmachines are presented in
Tabl e 4-28.

TABLE 4-28
RECOMVENDED SO L CONTACT PRESSURE
¢ fines N/cm2 1b/in.2
20 17 25
40 11 16
50 8 12

Note: To illustrate the use of this table,
if 20% of the soil fines pass through a
200-mesh screen, the contact pressure of the
supporting structure_to the groqu should be
no more than 17 N/cm? (25 1b/in.%) If this
is exceeded, one can expect wheel tracking
problems to occur.
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